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Abstract

Targeting gene-based therapeutics to the brain is a strategy actively sought to treat Alzheimer’s 

disease (AD). Recent findings discovered the role of apolipoprotein E (ApoE) isoforms in 

the clearance of toxic amyloid beta proteins from the brain. ApoE2 isoform is beneficial for 

preventing AD development, whereas ApoE4 is a major contributing factor to the disease. 

In this paper, we demonstrated efficient brain-targeted delivery of ApoE2 encoding plasmid 

DNA (pApoE2) using glucose transporter-1 (glut-1) targeted liposomes. Liposomes were surface-

functionalized with a glut-1 targeting ligand mannose (MAN) and a cell-penetrating peptide 

(CPP) to enhance brain-targeting and cellular internalization, respectively. Among various CPPs, 

rabies virus glycoprotein peptide (RVG) or penetratin (Pen) was selected as a cell-penetration 

enhancer. Dual (RVGMAN and PenMAN)-functionalized liposomes were cytocompatible at 100 

nM phospholipid concentration and demonstrated significantly higher expression of ApoE2 in 

bEnd.3 cells, primary neurons, and astrocytes compared to monofunctionalized and unmodified 

(plain) liposomes. Dual-modified liposomes also showed ~2 times higher protein expression than 

other formulation controls in neurons cultured below the in vitro BBB model. These results 

translated well to in vivo efficacy study with significantly higher transfection of pApoE2 in 

the C57BL/6 mice brain following single tail vein administration of RVGMAN and PenMAN 

functionalized liposomes without any noticeable signs of toxicity. These results illustrate the 

potential of surface-modified liposomes for safe and brain-targeted delivery of the pApoE2 gene 

for effective AD therapy.
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INTRODUCTION

The most common form of dementing illness of the central nervous system (CNS), which 

affects millions of people above the age of 65 around the globe, is Alzheimer’s disease 

(AD).1 AD is classified as an irreversible chronic neurodegenerative disorder associated with 

an enormous economic burden. It is estimated that by 2050, AD will afflict more than a 

million individuals each year in the USA alone.1 Although AD was discovered more than 

100 years ago, currently approved drugs can only provide symptomatic treatment, and no 

preventive or long-term solution is currently available.2 In the last few decades, numerous 

biochemical hallmarks were discovered in AD patients like intracellular neurofibrillary 

tangles (NFTs) resulting from hyperphosphorylation of tau protein and extracellular 

amyloid-β (Aβ) plaque deposition.3,4 Increased levels of Aβ protein have been linked 

with familial as well as sporadic AD, indicating a decline in its concentration may be 

advantageous.5 Mounting experimental evidence supports the role of apolipoprotein E 

(ApoE) as a key element linked to Aβ levels as well as the amyloid burden in the brain 

during AD progression.6–8

ApoE is the primary apolipoprotein synthesized by brain astrocytes. It plays a crucial 

role in the transportation and distribution of cholesterol as well as synaptogenesis inside 

the brain.9 There are three ApoE isoforms, namely, E2, E3, and E4, each predominantly 

expressed by brain and liver.10 These isoforms differ from one another at 112 and 158 

positions in their protein structure.11 Inheritance of ApoE4 is regarded as one of the key 

factors correlated with the AD progression.12 In comparison to ApoE3, ApoE4 homozygotes 

bear relatively greater risk (14.5 times) for AD development.13,14 On the other hand, 

the E2 allele is protective in nature and reduces AD risk by 50% and also delays the 

onset of disease.15,16 Experimental evidence shows that ApoE isoforms are chief elements 

influencing concentration and quality of Aβ peptide as well as Aβ burden in the brain 
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that accumulates during aging.6 Clearance of Aβ peptide is differentially regulated by 

ApoE isoforms inside the brain.17 In AD mice, the E4 isoform was found to be least 

effective in clearing brain Aβ, whereas E2 showed significantly improved clearance.17 This 

can be attributed to the weak binding affinity of ApoE4 toward Aβ compared to other 

isoforms, resulting in isoform dependent clearance (E2 > E3 > E4) through neurons and 

microglia.18–20 Presence of ApoE4 isoform is also shown to negatively affect dendritic 

length, density, and cognitive performance compared to E2 isoform.21 Moreover, during 

aging, ApoE levels were found to be reduced in the hypothalamus and cortex, which may 

further attenuate the clearance of toxic Aβ proteins.22 Based on these observations, in situ 

expression of ApoE2 isoform in brain tissue can be of significant therapeutic advantage 

to treat AD. However, the protective function of the blood–brain barrier (BBB) poses a 

major hurdle for effective gene delivery to the brain.23,24 Although, viral vectors have shown 

promising results in vitro, their utilization is afflicted with life threatening adverse effects, 

including mutations, inflammatory reactions, and formation of toxins.25,26

In our present study, plasmid encoding ApoE2 (pApoE2) was delivered using liposomes. 

Liposomal nanoparticles have numerous advantages over their viral counterparts like high 

packing capacity, easy scale-up, reproducibility, and low immunogenicity, allowing safe and 

effective gene therapy.27 Prior to incorporation, plasmid DNA was complexed to chitosan 

to facilitate DNA condensation and protect it from endolysosomal degradation.28–31 Since, 

the luminal side of the BBB possesses glucose transporter-1 (glut-1)in high density; thus 

glut-1 substrate mannose (MAN) was used in the development of these nanoparticles.32,33 

Additionally, penetratin (Pen), a short chain cationic peptide, or a nicotinic acetylcholine 

receptor substrate, rabies virus glycoprotein peptide (RVG), were used along with MAN 

to enhance liposome transport to the brain. These cell-penetrating peptides (CPPs) lead to 

enhanced translocation through the BBB via acetylcholine receptor mediated transcytosis 

for RVG and direct transportation for Pen.34–37 Monumental evidence suggests that 

nanoparticles modified using brain targeted ligands in combination with RVG have resulted 

in very promising brain targeting to treat cancer, AD, and Parkinson’s disease.28,38–40 Based 

on this evidence, RVG was chosen to be evaluated in combination with mannose for brain 

targeting. The rationale for using Pen was that previous in vivo studies from our group 

and other researchers have shown very promising results with this CPP for brain-targeted 

delivery of nanoparticles, pDNA, and antibodies.40–43 Moreover, a comprehensive study 

evaluating the biodistribution of various CPPs used to target brain have shown Pen as the 

most favorable for delivery of cargoes to the brain.44

In our recent publication, we have demonstrated the efficacy of dual-functionalized 

liposomes for brain-targeted delivery of brain-derived neurotrophic factor (BDNF) plasmid 

DNA and its subsequent expression in the brain tissue.40 However, due to the difference 

in size, half-life, and biochemical properties of expressed proteins, in our present study, 

we have explored the gene transfection efficiency of pApoE2 utilizing different liposomal 

formulations.45,46 We have also elucidated the detailed mechanism of cellular internalization 

of these liposomes in the presence of various specific pharmacological endocytosis 

inhibitors. One of the significant challenges of ligand-mediated targeting is the intense 

competition from the physiological substrates, which often leads to functionality loss of the 

delivery system. Thus, the cellular internalization capacity of dual-functionalized liposomes 
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was further assessed in the presence of different glut-1 substrates at physiologically relevant 

levels. Lastly, the biocompatibility of the pApoE2-loaded liposomes was evaluated to 

determine the effect of cationic lipids and the expressed protein on brain cells in vitro 
and various organs.

MATERIALS AND METHODS

Materials.

Dioleoyl-3-trimethylammonium-propane chloride (DOTAP), dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), and lissamine rhodamine were purchased form Avanti Polar 

Lipids (Birmingham, AL, USA). DSPE–PEG2000–Mannose and DSPE–PEG2000–NHS 

were procured from Biochempeg Scientific Inc. (Watertown, MA, USA). Chitosan with 

a molar mass of 30 kDa was obtained from Glentham Life Sciences (Corsham, UK). 

Cholesterol, Hoechst 33342, ethylenediaminetetraacetic acid (EDTA), 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), and Triton X-100 were procured from Sigma-

Aldrich (St. Louis, MO, USA). Phosphate buffered saline (PBS), fetal bovine serum (FBS), 

and Dulbecco’s modified Eagle medium (DMEM) were acquired from Corning Incorporated 

(Corning, NY, USA). RVG (YTIWMPENPRPGTPCDIFTNSRGKRASNG) and penetratin 

(RQIKIWFQNRRMKWKKGG) were purchased from Zhejiang Ontores Biotechnologies 

Co., Ltd. (Zhejiang, China).

Preparation of CPP Conjugated DSPE-PEG2000.

Conjugation of CPP to DSPE-PEG2000-NHS was performed at a molar ratio 3:1 (lipid/

peptide) as described previously.47 Dimethylformamide (DMF) was used to dissolve the 

reactants, and the solution was alkalified (pH to 8.5) with triethylamine to facilitate this 

nucleophilic substitution reaction. The reaction was continued for 3 days under constant 

stirring followed by dialysis (MWCO 3.5 kDa) for 2 days against deionized water to remove 

unreacted CPPs and PEGylated lipids. The dialyzed product was lyophilized and micro-

bicinchoninic acid (BCA) assay was conducted to measure the extent of CPP conjugation to 

DSPE-PEG. Finally, peptide bound lipid product was used to synthesize liposomes.40,47

Synthesis and Evaluation of Liposome Formulations.

Film hydration technique was used to prepare liposomes using DOPE, cationic lipid DOTAP, 

CPP conjugated PEGylated DSPE, MAN conjugated PEGylated DSPE, and cholesterol in 

45:45:4:4:2 molar ratio. The methanol and chloroform solution (1:2) was used to solubilize 

lipids, and a uniform lipid film was produced using a rotary evaporator. Chitosan and ApoE2 

pDNA were complexed (N/P 5:1) via electrostatic interactions and added to the hydration 

buffer (10 mM HEPES, pH 7.4). The liposomal dispersion was sonicated in a bath solicitor 

for 0.5 h, which resulted in the formation of small unilamellar vesicles. Dynamic light 

scattering (DLS) was utilized to measure size and surface charge at 25 °C. The percent 

entrapment of pApoE2 was determined using Hoechst 33342 fluorescent dye.47,48

Atomic force microscopy (DI-300 Veeco, MN, U.S.A.) was used to elucidate the surface 

morphology of liposomes. Liposome dispersion (4 μL) was dried on newly sliced mica using 
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nitrogen flow to form a thin layer. The film was scanned at a rate of 1 Hz using a pyramidal 

cantilever.

DNase Protection Assay.

Shielding of encapsulated ApoE2 plasmid from DNase I digestion was assessed by gel 

electrophoresis.47 In brief, 1 μg of liposome entrapped chitosan/pApoE2 complex was 

incubated with DNase I enzyme (1 unit) for an hour at 37 °C. Naked plasmid was also 

incubated with the enzyme as positive control. Five microliters of EDTA solution (100 mM) 

was utilized postincubation to inactivate the DNase enzyme. Subsequently, the inactivated 

mixture was incubated with heparin (30 μL, 5 mg/mL) solution for 2 h to release pApoE2. 

Agarose gel electrophoresis was performed on the resulting mixture to assess the stability of 

released plasmid DNA at 80 V for 1.5 h.47

Cell Culture.

Primary rat astrocytes, bEnd.3 cells, and primary rat neurons were used to perform in vitro 
studies. bEnd.3 cells were procured from American Type Culture Collection (ATCC) and 

used up to 5 passages. Primary astrocytes and bEnd.3 cells were cultured in complete 

DMEM media (90% DMEM, 10% FBS, 1% PSF). Primary astrocytes and neurons were 

obtained from 1-day old Sprague–Dawley rat pup brains. A single cell suspension of 

brain tissue was obtained using an optimized protocol as described previously.49,50 Primary 

neurons were cultured following a similar procedure using DMEM containing equine serum 

(10% v/v) and PSF (1% v/v). Additionally, cytosine arabinoside or AraC (10 μM) was 

included in culture media on day 3 and was changed with new medium without AraC on day 

5. Anti-glial fibrillary acidic protein (GFAP) antibody was used to determine phenotype of 

cultured primary astrocytes and anti-MAP2 antibody for primary neuronal cells.

In Vitro Cytotoxicity Assay.

The cytocompatibility of liposomes was evaluated using bEnd.3 cells, primary astrocytes, 

and primary neurons.51–53 Cells (5 × 103/well) were cultured in 96-well plates for 24 h, 

and pApoE2 containing liposomal formulations at various concentrations (50–600 nM total 

lipids in DMEM basal medium) were incubated with cells for 4 h. Subsequently, cells 

were washed, and fresh media was added and incubated further for 2 days. Postincubation, 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added to the cell 

culture, and viability was estimated and compared to untreated cells.

Cellular Mechanism of Uptake and Competition Assay.

The detailed mechanism of nanoparticle uptake was elucidated in bEnd.3 cells. After plating 

(24 h, 5 × 104 cells per well), endocytosis inhibitors were added to the cell culture 

individually 30 min prior to liposomal treatment. Treatment at cold temperature (4 °C) 

or with 10 mM sodium azide impedes all ATP-dependent internalization pathways. Clathrin-

mediated endocytosis and caveaolae formation by polymerization of microtubules were 

blocked using 10 μg/mL chlorpromazine and 100 μg/mL colchicine, respectively. Amiloride 

(50 μg/mL) was added to prevent internalization via micropinocytosis. After treatment with 

the various inhibitors, lissamine rhodamine labeled liposomes were added to culture media 
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containing each inhibitor and incubated for 1 h. Thereafter, PBS was used to wash cells, and 

cells were lysed using triton X-100. The lissamine rhodamine intensity was measured (λex 

553 nm, λem 570 nm) after extraction with methanol from cell lysates.54

A competitive inhibition experiment was carried out in bEnd.3 cells using different 

liposomal formulations. Cells were pretreated for 0.5 h with different strengths of D-glucose 

and D-mannose in PBS prior to the competition assay. Subsequently, lissamine rhodamine 

labeled liposomes were introduced to the cells and incubated for 1 h.55 Postincubation, 

the liposomes internalization was evaluated as described earlier by measuring lissamine 

rhodamine concentration.

In Vitro Transfection Efficiency.

The studies were performed in 24-well plates (1× 105 cells/well) using bEnd.3, primary 

astrocytes, and neurons. ApoE2 pDNA (1 μg) loaded in different surface-functionalized 

liposomes was used to treat cells in DMEM basal medium. Following 4 h of treatment, 

formulation containing media was replaced with complete media, and cells were incubated 

for 2 more days. ApoE ELISA kit (Thermo Fisher Scientific) was used to measure ApoE2 

protein expression in cell lysates and supernatant media. Total protein was also quantified to 

normalize ApoE2 transfection. Transfection efficacy of liposomes was compared against the 

commercial transfection agent Lipofectamine 3000.

Development of BBB Model.

Preparation of the in vitro BBB model was done using primary astrocytes and bEnd.3 

cells as previously reported.56,57 Primary astrocytes (1.5 × 104/cm2) were cultured on the 

abluminal side of the culture insert, whereas bEnd.3 cells (1.5 × 106/cm2) were cultured 

on the top layer using 20% serum containing media to form the in vitro BBB. Epithelial 

Volt/Ohm Meter 2 (EVOM) was used to determine transendothelial electrical resistance 

(TEER) to establish barrier integrity. Flux of the BBB impermeable dye sodium–fluorescein 

(Na–F) was used to estimate paracellular transport across the coculture model.58,59 This 

coculture and bEnd.3 cells monolayer models were moved to different wells containing 500 

μL of PBS. Na–F in PBS (10 μg/mL) was added to each culture insert, and its transport 

was evaluated at various time points up to 1 h. The fluorescence intensity of Na–F in 

the culture insert and 24-well plate was determined using a microplate reader at 485/535 

nm. Quantification of Na–F dye flux across the blank culture insert was also performed 

and transendothelial permeability coefficients (Pe) were measured for coculture as well as 

monolayer models.56,59

In Vitro Transfection through BBB Model.

In vitro BBB model was transferred to each well of a 24-well plate seeded with primary 

neurons.60 Liposome formulations encapsulating ApoE2 pDNA were introduced into the 

culture insert. The insert was taken out 8 h postincubation, and cells were incubated for 2 

days. ApoE ELISA kit was used to measure ApoE2 protein expression in cell lysates and 

supernatant media. Total protein was also quantified to normalize ApoE2 transfection.
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Animal Procedures.

All live animal procedures were done in agreement with Institutional Animal Care and 

Use Committee (IACUC) approved protocol (#A17078). Six C57BL/6 mice (Jackson 

Laboratory, Bar Harbor, ME, USA) were used per group (3 males and 3 females). Animals 

were provided with adequate water and food.

Biocompatibility Evaluation and Gene Transfection in Wild-type Mice.

Liposome formulations (~15.2 nmol phospholipids/g body weight) entrapping pApoE2 (i.e., 

1 μg pApoE2/g body weight) were injected intravenously in mice.47 Various tissues (heart, 

spleen, liver, lungs, brain, and kidney) were collected on the sixth day of transfection, and 

histological assessment was done to determine in vivo biocompatibility. Briefly, formalin 

fixed tissue sections were embedded in paraffin, and hematoxylin–eosin (H&E) staining was 

performed.61 Tissues were then examined for any abnormalities in morphology, infiltration 

of inflammatory cells, or necrosis. Transfection efficiency was also evaluated on the sixth 

day in all tissue samples and blood. Homogenization of tissue samples was performed 

utilizing phosphatase and protease inhibitor containing RIPA lysis buffer to prevent protein 

degradation. The resulting homogenate was centrifuged for 15 min at 4000 rpm to remove 

cell debris at 4 °C, and ApoE2 protein was quantified in the supernatant using ELISA.

Statistical Analysis.

Data is denoted as mean ± standard deviation (SD). The statistical analysis was done using t 
test or Tukey’s test following one-way ANOVA. A p-value of 0.5 or below is considered to 

be statistically significant.

RESULTS AND DISCUSSION

AD affects the lives of millions of people worldwide. ApoE2 has been shown to enhance 

neuroprotection via multiple molecular mechanisms against AD.15,21,62 However, the 

efficacy of systemically delivered ApoE2 protein is limited owing to its poor penetration 

across the BBB and short systemic half-life. Thus, in situ expression of the ApoE2 gene 

in brain tissue could be a feasible approach to treat AD. Nevertheless, gene therapy for 

brain disorders is challenging because of the absence of nontoxic and effectual gene delivery 

vectors that can evade the impeccable BBB. In this report, liposomal delivery systems dual-

functionalized with a brain-specific ligand and CPP were developed not only to enhance 

their delivery across the BBB but improve internalization and expression of the therapeutic 

ApoE2 gene in the targeted brain cell as well.

Synthesis and Evaluation of Liposome Formulations.

Synthesis of CPP-conjugated PEGylated lipids is the foremost step in the development 

of dual-modified liposomes. The CPP conjugated lipid was prepared by reacting the N-

hydroxysuccinimide ester of a PEGylated lipid with primary amines of the CPPs (RVG 

or Pen) under alkaline conditions. Micro-BCA protein assay was utilized to evaluate the 

extent of CPP conjugation to DSPE-PEG. In excess of 80% of the CPPs were able 

to successfully displace NHS from PEGylated lipid resulting in formation of CPP–lipid 

conjugates. The extent of RVG and Pen conjugation was found to be 82.64 ± 6.35% 
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and 81.94 ± 2.54%, respectively. Coating of PEG on the liposome surface prevents them 

from accretion, opsonization, and phagocytosis ensuring prolonged circulation time in the 

body.63–65 Moreover, hydration cloud formation due to the presence of hydrophilic PEG 

chains around nanoparticles sterically hinders the contact between blood components and 

liposomes.66 Thus, this restricts foreign material penetration into the PEG layer making it an 

efficient approach to prevent its clearance by macrophages.67

The CPP and MAN functionalized PEGylated liposomes were fabricated by a lipid film 

hydration approach. Size distribution by intensity of various liposome formulations is 

depicted in Figure 1A. The morphology of CPP and MAN conjugated liposomes was 

observed to be spherical, as shown in AFM images, with size less than 200 nm (Figure 

1B,C). Hydrodynamic diameter, obtained using the DLS technique, of these liposomal 

formulations was found to be in agreement with AFM with a net positive zeta potential 

(Table 1). The positive surface charge of these formulations is primarily attributed to the 

presence of cationic lipid DOTAP. Polydispersity index (PDI) for all formulations was 

found to be less than 0.3, which indicates high particle homogeneity with no signs of 

aggregation.68 Lastly, more than 80% of pApoE2 was found to be associated without any 

influence on size or PDI (Table 1).

DNase Protection Assay.

Gene delivery vectors play a crucial role in the protection of its genetic cargo against 

nucleases and lysosomal enzymes, which is essential for efficient gene therapy. Therefore, 

liposome formulations were assessed for their ability to protect the encapsulated pApoE2 

against DNase I enzyme. As depicted in Figure 2, lane B, DNase I enzyme was capable of 

degrading pApoE2 completely in the absence of chitosan or liposomes, whereas liposomal 

formulations (Figure 2, lanes C–F) were efficient in preventing degradation of the genetic 

payload from DNase I digestion. This evidently shows that our liposome formulations have 

the potential to protect the therapeutic gene in a biological system against nucleases.

In Vitro Cytotoxicity Assay.

Interaction of nanoparticles, particularly cationic nanoparticles, with cellular and 

extracellular environments can trigger various biological processes, which can be 

detrimental to biocompatibility and efficacy of the formulation.69 Therefore, prepared 

liposomal formulations entrapping pApoE–chitosan complex were assessed for their 

biocompatibility in bEnd.3, primary neurons, and astrocytes. Cells were treated with 

increasing concentration of phospholipids, and their effect on viability was analyzed via 

MTT assay. The relative cell viability in all the cell lines decreased with increasing 

concentration of the phospholipid (Figure 3), which is in accordance with data published 

by other researchers.70,71 Treatment with 100 nM of phospholipids demonstrated more 

than 80% relative cell viability irrespective of the cell lines. The toxic effect of these 

nanoparticles at higher concentrations can be attributed to their positive charge as highly 

cationic nanoparticles induce disturbance in cellular membranes leading to cell death.72 

Therefore, liposomes at a dose of 100 nM of phospholipid was used in further experiments.
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Cellular Mechanism of Uptake and Competition Assay.

The efficiency of nanoparticles to enter cells is crucial for effective delivery of therapeutic 

gene to the nucleus. Depending on their physiochemical characteristics, nanoparticles are 

internalized through various endocytosis pathways.28 Therefore, to elucidate the exact 

mechanism for internalization for liposomes, different chemical moieties were used as 

inhibitors for different endocytosis pathways. Incubation at cold temperature (4 °C) or 

with sodium azide was used to prevent all ATP-dependent internalization pathways. 

Amiloride was used to inhibit micropinocytosis, while colchicine was used to prevent 

caveolae-mediated endocytosis by disruption of microtubules. Chlorpromazine was used 

to prevent formation of clathrin vesicles. Incubation at cold temperature (4 °C) or 

with sodium azide demonstrated significant decrease in the internalization of all the 

liposome formulations (Figure 4A). This suggests that more than 50% of internalization 

is contributed through some energy-dependent pathway. Inhibition of macropinocytosis 

using amiloride also resulted in significant reduction in liposomal uptake (more than 

15%). Colchicine pretreatment did not show any effect on liposomes modified using 

Pen and PenMAN, indicating no role of caveolae-mediated endocytosis in these two 

formulations. Chlorpromazine pretreatment did not show any substantial effect on cellular 

internalization of RVG and RVGMAN modified liposomes indicating no role of clathrin-

mediated endocytosis in their internalization process. Internalization of plain liposomes and 

MAN-liposomes was significantly reduced by 20% or more in the presence of various 

inhibitors, indicating more than one pathway was involved in internalization process of these 

formulations.

Similarly, the presence of physiological sugars can also affect the internalization of these 

liposomes by competing for glut-1 transporters present on astrocytes and the luminal side 

of BBB. Therefore, cells were pretreated with physiological levels of glucose and mannose 

before liposomal treatment. Also, a majority of AD patients (>80%) suffer from type 2 

diabetes or glucose imbalance; therefore internalization of liposomes was also assessed 

in the presence of diabetic concentrations of glucose and mannose.73 As demonstrated 

in Figure 4B, various liposomal formulations did not exhibit significant differences in 

cellular uptake by bEnd.3 cells, except MAN-functionalized liposomes. Internalization of 

MAN-liposomes was reduced by ~10% in the presence of physiological concentrations and 

by ~15% in the presence of diabetic sugar concentrations. This indicates competition for 

glucose transporter between sugar molecules present in culture medium and the MAN ligand 

on the liposomal surface. This competition was overcome using dual-functionalization of 

the liposome surface due to the presence of an additional glut-1 independent pathway (i.e., 

CPP-mediated) of internalization, justifying the use of two ligands to target brain cells.

In Vitro Transfection Efficiency.

An ideal gene delivery vector should facilitate safe and efficient transfer of its genetic 

payload in targeted cells to induce expression of therapeutic protein at a desired 

concentration. Primary neurons, primary astrocytes, and bEnd.3 cells were used to 

evaluate the liposome transfection ability. RVGMAN and PenMAN liposomes demonstrated 

significantly (p < 0.05) greater protein expression than pApoE2 alone (Figure 5). Dual-

modified liposomes also showed 1.5-fold greater (p < 0.05) protein expression than plain or 
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monofunctionalized liposomes as well as Lipofectamine. The dual-functionalized liposome-

mediated enhanced protein expression can be attributed to their higher cellular uptake and 

endosomal rupturing ability, which leads to enhanced transfer of therapeutic gene to the 

nucleus of the cells.51 Complexation of pApoE2 with chitosan in combination with these 

factors may have collectively shown beneficial effect in enhancing protein expression via 

dual-functionalized liposomes.

Development of BBB Model.

The in vitro BBB model has emerged as a powerful tool for the assessment of brain targeted 

formulations.74 The BBB model was developed utilizing coculture of primary astrocytes and 

bEnd.3 cells. TEER value and Na–F dye permeability across the barrier layer were measured 

to monitor integrity of the model. As shown in Figure 6A, the TEER of BBB model using 

dual cell lines was found to be significantly higher than a monolayer model. The TEER of 

the dual layer model was found to be 175 ± 17 Ω cm2, whereas for the monolayer model, 

it was 104 ± 22 Ω cm2. The TEER values across the barrier are in the range of 150–200 

Ω cm2, which is in accordance with data observed by other researchers.75,76 Since the 

introduction of TEER method in 1981, it is the most commonly method used for evaluating 

the functionality of the BBB.77 The measurement of TEER values in rats has been reported 

to be ~5900 Ω cm2, which was much higher than the currently available BBB models.78 

Although, attempts have been made to replicate these values using brain astrocytes and 

endothelial cells from human origin, it only yielded TEER values of 140 Ω cm2.76 On the 

other hand, primary cells from rodents were able to achieve TEER values up to 300 Ω cm2.79 

The advantage of using bEnd.3 cells in the BBB model system is that they grow rapidly 

and are able to retain their phenotype after several passages, making them convenient for 

developing an efficient BBB model.80 Moreover, several tight junction proteins are found to 

be present in bEnd.3 cells like claudin-1, -3, and -5, occludin, zonula occludens-1 and -2, 

etc., which are absent in human based endothelial cells.81 The result for Na–F dye flux was 

in accordance with TEER data as indicated in Figure 6B. Permeability coefficient of Na–F 

across monolayer model (Pe = ~1.302 × 10−5 cm/s) was found to be more than 6 times lower 

compared to that in the dual layer model (Pe = ~2.08 × 10−6 cm/s), indicating the influence 

of astrocytes on the integrity of the barrier model.82–84

In Vitro Transfection through the BBB Model.

The desired therapeutic effect of liposomes is achieved with efficient and effective 

translocation through the BBB and transfection of brain cells. Thus, transfection potential 

of various formulations was studied in primary neurons cultured below the BBB model. 

As depicted in Figure 6C, RVGMAN and PenMAN liposomes showed 2-fold greater 

transfection efficiency than plain and monofunctionalized liposomes. PenMAN liposomes 

demonstrated ~1.1 ng of ApoE protein/μg of total protein whereas RVGMAN liposomes 

showed ~0.9 ng of ApoE protein/μg of total protein. Although PenMAN-liposomes resulted 

in slightly higher transfection than RVGMAN-liposomes, no statistical significance (p 
> 0.05) was observed. Higher transfection efficiency of these nanoparticles might be 

associated with their superior translocation through the BBB and to the nucleus of the 

neurons. These results support the influence of modification on liposomes’ surface with 

MAN in combination with CPP to translocate therapeutic genes in AD patients.
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Biocompatibility Evaluation and Gene Transfection in Wild-type Mice.

Transfection of brain cells following transport of gene delivery vector across the BBB is 

essential to obtain desired therapeutic effect. Therefore, transfection of pApoE2/chitosan 

complex loaded liposomes was carried out in C57BL/6 mice following single tail vein 

administration. The organs of the treated animals were harvested 5-days postinjection 

to evaluate transfection levels using ApoE ELISA kit. As demonstrated in Figure 7A, 

dual-modified liposomes were able to successfully transfect brain cells and resulted in 

~2 times higher ApoE protein expression than the endogenous ApoE level. Furthermore, 

RVGMAN and PenMAN liposomes demonstrated higher protein expression (p < 0.05) 

in mouse brain in contrast to naked pApoE2 and plain monofunctionalized liposomes. 

Both RVGMAN and PenMAN showed transfection in the range of 36.47 ± 4.38 and 

37.69 ± 3.89 ng of ApoE2/mg of protein, respectively. Naked pApoE2 did not show any 

significant difference from endogenous level, whereas transfection efficiency of plain or 

monofunctionalized liposomes was found to be ~1.25 times endogenous levels. RVGMAN 

and PenMAN liposomes mediated greater ApoE2 protein expression possibly because the 

dual functionalization may have contributed to their higher and more efficient transcytosis 

and gene transport to the nucleus of the cells. Dual modification might have also helped 

the liposomes to overcome the competition from the physiological sugars present in the 

body. Therefore, dual-functionalized liposomes can serve as a promising candidate for 

brain-targeted delivery of pApoE2 to treat AD.

Tissues from other organs also displayed elevated ApoE2 expression in vivo (Figure 7B–

G), which can be attributed to the transport of liposomes to these organs. The uptake 

of liposomes by reticuloendothelial system (RES) leads to their deposition in clearance 

organs.85 Additionally, fenestration in the endothelial cells of capillaries enhances the 

trapping of liposomes justifying nonspecific distribution to these organs.86

Safety profiles of these nanoparticles were also assessed by the histopathological analysis 

of various tissues and compared against saline control. As depicted in Figure 8, no signs 

of abnormalities in morphology, infiltration of inflammatory cells, or necrosis in any organ 

tissue was found. Brain tissues of the treated mice appeared normal without any irregularly 

shaped nuclei or any other abnormalities. Similarly, liver tissue was devoid of any indication 

of ballooning or inflammation of hepatocytes. Examination of cardiac tissue depicted no 

signs of muscle fiber disruptions or myofibrillar loss. Similarly, signs of pulmonary fibrosis 

were not detected in lungs. These results indicate safety of liposome formulations suggesting 

a highly promising strategy to rescue AD patients from neurodegeneration and provide an 

assuring alternative to the current symptomatic therapy.

CONCLUSION

RVGMAN and PenMAN liposomes encapsulating ApoE2/chitosan complex significantly 

improved transport and transfection of ApoE2 gene across the in vitro BBB model. In 

addition, dual-functionalized liposomes were able to prevent the encapsulated gene from 

endonuclease digestion. Although gene delivery to brain is paved with numerous challenges, 

dual-functionalized liposomes were effective in brain-targeting and expression of genetic 

cargo in brain cells. This resulted in significantly increased levels of ApoE expression 
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in C57BL/6 mouse brain compared to other formulation controls. Furthermore, these 

formulations were found to be biocompatible as suggested by the absence of cell death 

or infiltration of inflammatory cells in tissues collected from treated animals. This indicates 

the potential of dual-functionalized liposomes as an effective gene delivery vector for the 

treatment of AD. Future studies will be performed in APP/PS1 transgenic mouse model to 

assess therapeutic efficacy of the optimized formulation to minimize amyloid beta protein 

levels in the brain.
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Figure 1. 
(A) Distribution of particle size for different liposome formulations using DLS method. 

AFM images (normal and phase contrast) of (B) PenMAN and (C) RVGMAN liposomes.
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Figure 2. 
DNase I protection assay. Liposomes containing chitosan/pApoE2 complex was incubated 

with DNase I enzyme. Lane A, naked pApoE2; lane B, pApoE2 + DNase I; lanes C–H, 

pApoE2/chitosan complexes loaded in plain, MAN, Pen, PenMAN, RVG, or RVGMAN 

liposomes, respectively, plus DNase I.
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Figure 3. 
In vitro cytocompatibility of liposomes at various phospholipid concentrations on (A) 

bEnd.3, (B) primary astrocytes, and (C) primary neurons. Data represent mean ± SD of 

four replicates.
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Figure 4. 
Quantitative analysis of (A) cellular uptake mechanism and (B) competition assay in bEnd.3 

cells. Data represent mean ± SD of four replicates. # indicates statistically (p < 0.05) 

different from their respective PBS control.
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Figure 5. 
Transfection of ApoE2 in (A) bEnd.3 cells, (B) primary astrocytes, and (C) primary neurons 

using various chitosan/pApoE2 (1 μg) loaded liposomes. Data represent mean ± SD of four 

replicates. *, #, +, &, !, and ~ indicate statistically (p < 0.05) different from plain, MAN, 

Pen, RVG liposomes, naked DNA, and lipofectamine, respectively.
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Figure 6. 
In vitro BBB model. (A) TEER value and (B) Na–F permeability coefficient. Data represent 

mean ± SD of four replicates (*p < 0.05). (C) ApoE2 protein expression in primary neurons. 

Data represent mean ± SD of four replicates. *, #, +, and & indicate statistically (p < 0.05) 

different from plain, MAN, Pen, and RVG liposomes, respectively.
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Figure 7. 
ApoE concentration in various mouse tissues ((A) brain; (B) heart; (C) liver; (D) spleen; (E) 

lungs; (F) kidney; (G) plasma) following tail vein administration of pApoE2/chitosan loaded 

liposomes (15.2 nM of total lipids containing 1 μg pApoE2/g body weight). Data represent 

mean ± SD of four replicates. *, #, +, &, !, and ~ indicate statistically (p < 0.05) different 

from plain, MAN, Pen, RVG liposomes, naked DNA, and control, respectively.
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Figure 8. 
Biocompatibility assessment of different liposomal formulations following H&E staining 

post-ApoE2 transfection in different organs.
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