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Abstract

The development of neuropharmaceutical gene delivery systems requires strategies to obtain
efficient and effective brain targeting as well as blood brain barrier (BBB) permeability. A brain
targeted gene delivery system based on transferrin and cell-penetrating peptide dual-
functionalized liposome, CPP-Tf-liposome, was designed and investigated for crossing BBB and
permeating into the brain. We selected three sequences of CPPs [Melittin, kaposi fibroblast
growth factor (kFGF) and PasR8] and compared their ability to internalize into the cells and,
subsequently, improve the transfection efficiency. Study of intracellular uptake indicated that
liposomal penetration into bEnd.3, primary astrocytes and primary neurons occurred through
multiple endocytosis pathways and surface modification with Tf and CPP enhanced the
transfection efficiency of the nanoparticles. A co-culture in vitro BBB model reproducing the in
vivo anatomophysiological complexity of the biological barrier was developed to characterize the
penetrating properties of these designed liposomes. The dual-functionalized liposomes
effectively transposed the in vitro barrier model followed by transfecting primary neurons.
Liposome tissue distribution in vivo indicated superior ability of kKFGFTf-liposomes to overcome
BBB and reach brain of the mice after single IV administration. These findings demonstrate the
feasibility of using strategically designed liposomes by combining Tf receptor targeting with

enhanced cell penetration as a potential brain gene delivery vector.

Significance Statement

Rational synthesis of efficient brain-targeted gene carrier included modification of liposomes
with a target-specific ligand, transferrin, and with cell-penetrating peptide to enhance cellular
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internalization. Our study used an in vitro triple co-culture BBB model as a tool to characterize
the permeability across BBB and functionality of designed liposomes prior in vivo
biodistribution studies. Our study demonstrated that rational design and characterization of BBB

permeability are efficient strategies for development of brain-target gene carriers.

Introduction

The potential of gene therapy to restore normal cellular functions has raised the interest for
treatment of devastating diseases such as neurodegenerative diseases(Costantini et al., 2000).
Great efforts have been directed towards the development of gene vectors which are able to
deliver therapeutic nucleic acids intracellularly in a specific and targeted manner. A wide range
of different types of vectors, such as inorganic particles, peptide-based, lipid-based or polymer-
based vectors, have been studied, however, their non-satisfactory gene transfer efficacy have
limited their progression as brain-targeted gene delivery carriers (Cook et al., 2015; MG et al.,
2015; Johnsen and Moos, 2016; Zhou et al., 2018). Designed liposomes have featured as a
suitable brain-targeted gene delivery vectors, demonstrating abilities to transfect brain cells
efficiently in in vivo studies (Saffari et al., 2016; Niu et al., 2018). Rational engineering of
liposomal nanoparticles have been developed to reduce the limitations of brain-targeted gene
carriers and provide controlled release properties, prolonged systemic circulation, stimulus
responsive properties and also capacity for endosomal escape (Yameen et al., 2014; Kang et al.,
2018; Saeedi et al., 2019). Hydrophilic chains on surface of nanoparticles own the ability to
shield them from protein binding, minimizing their interactions during systemic circulation

(opsonization). This steric barrier will prevent nanoparticles from macrophage recognition and
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rapid clearance, and consequently, prolonging their circulation half-life (Li and Huang, 2010;
Nag and Awasthi, 2013). The hydrophilic polymer poly (ethylene glycol) (PEG) has been widely
used for improving the pharmacokinetics of a variety of nanoparticles (Maria Laura Immordino
et al., 2006). Furthermore, the increased interbilayer repulsion provided by PEG chains on
liposome surface avoids nanoparticle aggregation, consequently improving their stability (Maria

Laura Immordino et al., 2006).

Cell-penetrating peptides (CPPs) are functional carrier peptides of less than 30 amino acids that
infiltrate live cells, in a non-invasive manner, and facilitate the cellular uptake of a variety of
bioactive molecules (De Figueiredo ef al., 2014; Ramsey and Flynn, 2015). Several CPPs have
been successfully used for the delivery of exogenous molecules, including oligonucleotides and
proteins, and conjugation of these peptides to liposomes have demonstrated ability to enhance
liposome-mediated transfection in cell cultures and in vivo (Khalil et al., 2006, 2007; Zhang et
al., 2006; Kim et al., 2010). In this study, we compared the potential of three different CPPs to
enhance the gene delivery properties of CPP coupled liposomes. Melittin (Mel) is a 26-long
amino acid derived from bee venom and presents strong interaction with plasma membrane
promoting its rearrangement with subsequent formation of transmembrane pores, which facilitate
the transport of cargo into the cell (Lundquist et al., 2008; Qian and Heller, 2015; Pino-Angeles
and Lazaridis, 2018). Mel derivatives have shown to enhance intracellular delivery of therapeutic
macromolecules (Kyung et al., 2018). Hydrophobic sequences such as Kaposi fibroblast growth
factor (kFGF) have been reported relevant for intracellular delivery of nucleic acids, providing
stable non-covalent DNA complexation and protection against nucleases together with the ability
to translocate across the lipid bilayer of plasma membrane (Lin et al., 1995; Upadhya and

Sangave, 2016; Bolhassani et al., 2017). The addition of hydrophobic sequence FFLIPKG,
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known as penetration accelerating sequence (Pas), to the arginine-rich peptide R8 formed the
hybrid PasRS8, revealed to improve not only the carrier abilities but also facilitated the escape

from endocytic lysosomes (Takayama et al., 2009, 2012).

Similar to most of pharmaceutical products, CPPs also face limitations, which cover short
duration of action, entrapment in endocytic vesicles and poor tissue specificity (Kristensen et al.,
2016). Specific cellular targeting for delivery systems can be addressed by conjugating selective
moieties on the surface of the nanoparticles (Zylberberg et al., 2017). Studies focused on
targeted-brain delivery have extensively explored transferrin receptor as a potential transporting
route through blood brain barrier (BBB) (Johnsen and Moos, 2016). Here, we developed plasmid
DNA (pDNA)-loaded liposomes bearing CPP and Tf ligands. We explored the properties of
liposomal nanoparticulate system for targeted and enhanced gene delivery into brain parenchyma
by comparing three different types of CPPs (Mel, kFGF and PasRS8) abilities to improve
transferrin receptor-targeted liposome delivery properties. In addition, we investigated the
transport processes and mechanisms by which CPP-Tf-liposomes cross the in vitro BBB model
and, subsequently, transfect primary neurons. Thus, this evaluation will provide an initial
inference of in vivo efficacy of nanoparticles to translocate across the BBB as well as will allow

to optimize the development of brain-targeted gene carriers.

Material and Methods

Synthesis of CPP- and Tf-coupled DSPE-PEG
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CPP [Melittin- Mel (GIGAVLKVLTTGLPALISWIKRKRQQ), Kaposi fibroblast growth factor-
kFGF (AAVALLPAVLLALLAP) and PasR8 (FFLIPKGRRRRRRRRGC); Ontores
Biotechnologies, Hangzhou, Zhejiang, China] and holo-transferrin (Tf) (Sigma—Aldrich, St.
Louis, MO, USA) were conjugated with terminal NHS-activated DSPE-PEG2000 (Biochempeg
Scientific Inc., Watertown, MA, USA) through nucleophilic substitution reaction, separately.
Briefly, CPP and DSPE-PEG2000-NHS were mixed in anhydrous DMF at 1:5 molar ratio, and
adjusted pH to 8.0-9.0 with triethylamine (Cai et al., 2014; Layek et al., 2014). After 120 h under
moderate stirring at room temperature, the resulting reaction product was dialyzed (dialysis

membrane with molecular weight cut off of 3500 Da) for 48 h.

Tf and DSPE-PEG2000-NHS (125 pg of Tf/uM of DSPE-PEG2000-NHS) were mixed in
anhydrous DMF and adjusted pH to 8.0-9.0 with triethylamine (Li et al., 2009; Sharma et al.,
2014; dos Santos Rodrigues, Banerjee, et al., 2019). After 12 h of reaction, the mixture was

dialyzed (dialysis membrane MWCO of 3500 Da) for 48 h.

Preparation of liposomal formulations

CPP-PEG-DSPE (4 mol %) along with DOPE-DOTAP-cholesterol (45:45:2 mol %,
respectively) were used to prepare CPP-liposomes using thin lipid hydration method(Layek et
al., 2014; Sharma et al., 2014; Liu et al., 2017). PBS (pH 7.4) was used to hydrate the thin lipid
film. Tf-micelles (4 mol %) was added to CPP-liposomes formed in the previous process and
mixed overnight resulting in Tf-CPP-liposomes. Plasmid DNA was complexed to chitosan at
N/P of 5 and then inserted into the liposomal formulations. Fluorescent-labeled liposomes were
prepared by incorporating 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
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(lissaminerhodamine B sulfonyl; Avanti Polar Lipids, Alabaster, AL, USA) at 0.5 mol % to
liposomes. The particle size and zeta potential of liposomal formulations were determined via
dynamic light scattering using Zetasizer Nano ZS 90 (Malvern Instruments, Malvern, UK) at 25
°C. Morphology of liposomal formulation was observed by transmission electron microscopy
(TEM, JEM-2100, JEOL). Hoechst 33342 (0.15 pg/ml) was used to determine the percent of
encapsulated chitosan-pDNA complexes into liposomes and fluorescence intensity was measured
using SpectraMax spectrophotometer (Molecular Devices, San Jose, CA, USA) at Aex 354 nm
and Aem 458 nm. Percent encapsulation was calculated as fluorescence signal Hoechst 33342
divided by the fluorescence following addition of 0.5% Triton X-100 (Layek et al., 2014; Liu et

al., 2017).

Protection assay against nuclease degradation

Liposomal formulations (Mel-lip, MelTf-lip, kFGF-lip, kFGFTf-lip, PasR8-lip and PasR8Tf-
liposomes) containing 1 pg pDNA were incubated in the presence of DNase I (1unit) for 1 h at
37 °C (Wang et al, 2011). Then, 5 pul of EDTA (100 mM) were added to terminate the
enzymatic reaction. Next, 20 pl of heparin (5 mg/mL) was added to the samples and incubated
for 2 h at room temperature. The released pPDNA samples were loaded on 0.8% (w/v) agarose gel
stained with EtBr (0.5 pg/ml) and electrophoresed at 80V in 0.5 X Tris-acetate-EDTA (TAE,
Bio-Rad, CA, USA) buffer for 80 min. Free pDNA in the absence or presence of DNase I served

as negative control and positive control, respectively.
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Cell culture and animals

All cell types were cultured at 37 °C in humidified cell culture incubator and 5% CO2. The cell
line bEnd.3 obtained from ATCC was cultured in DMEM growth media containing 10% v/v
fetal bovine serum (FBS) and 1% v/v antibiotics. Primary astrocytes and primary neurons were
obtained from brain of 1-day-old rats (Sumners and Fregly, 1989). After removing carefully
meninges and vessels, the brains were mechanically and enzymatically (DMEM containing
0.25% trypsin and DNase I (8 png/ml)) dissociated. Astrocytes obtained from the dissociated cells
of brain were maintained in DMEM supplemented with 10% v/v FBS and 1% v/v antibiotics.
Purity of astrocyte cultures was checked by immunostaining for glial fibrillary acidic protein
(GFAP) antibody. Primary neurons were obtained by treating the dissociated cells with 10 uM
cytosine arabinoside at day 3. Media was replaced after 48 h and cells were allowed to grow for
further 10 days. Primary neurons were cultured in DMEM containing 10% v/v plasma-derived
horse serum and 1% v/v antibiotics. Purity of neuronal cultures was checked by immunostaining

for anti-MAP2 antibody.

All the procedures and handling of rats and mice were approved by Institutional Animal Care
and Use Committee (IACUC) at North Dakota State University. Male/female Sprague-Dawley
rats (Charles River Laboratories, Wilmington, MA, USA) and male/female C57BL/6 (Jackson
Laboratories, Bar Harbor, ME, USA) were housed under standard conditions and free access to

food and water.

Cytotoxicity assay
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Cytotoxicity of Mel-lip, MelTf-lip, kKFGF-lip, kFGFTf-lip, PasR8-lip and PasR8Tf-liposomes in
bEnd.3, primary astrocytes and primary neurons was assessed by MTT assay (Sharma et al.,
2012). The cells were seeded on 96-well plates (1x104cells/well) 24 h before the experiment.
Cells were exposed to liposomal formulations at different phospholipid concentrations (100, 200,
400 and 600 nM) for 4 h. Subsequently, cells were washed twice with PBS and cultured with
fresh media for another 48 h. Then, 10 pl of MTT (5mg/ml) was added in each well. After 3 h of
incubation at 37 °C, the resulting crystals were dissolved by DMSO (100ul) and absorbance was
measured at 570 nm. Cells not exposed to liposomal formulations were used as control and cell

viability was calculated and expressed as the percentage of the control.

Cellular internalization study

Fluorescent labeled-liposomes were used to investigate the internalization of liposomal
nanoparticles into the cells. The cells (bEnd.3, primary astrocytes and primary neurons) were
cultured on 24-well plate 24 h before the experiment. Lissamine rhodamine labeled-liposomes
(100 nM) were incubated for predetermined times (0.1, 0.25, 0.5, 1 and 4 h). After incubation,
suspended formulations were removed, and the cells were washed three times with PBS. Cell
membrane was lysed with 0.5% v/v Triton X-100 and lissamine rhodamine was extracted in
methanol. Fluorescence intensity was measured by fluorescence spectrometry at Aex553 nm and

Aem570 nm.

Internalization mechanisms

11
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For investigation of mechanisms of internalization of liposomal formulations, the
aforementioned cells were exposed to endocytosis inhibitors: sodium azide (10 mM),
chlorpromazine (10 pg/ml), amiloride (100 pg/ml) and colchicine (50 pg/ml) for 30 min (dos
Santos Rodrigues, Banerjee, ef al., 2019). Then, fluorescent labeled-liposomes (100 nM) were
incubated for 4 h. Subsequently, media was removed, and cells were washed three times with
PBS. Cell membranes were lysed with 0.5% v/v Triton X-100 and lissamine rhodamine extracted
in methanol. Fluorescence intensity was measured by spectrofluorometric method (Aex553 nm

and Aem 570 nm).

In vitro transfection efficiency

Liposomal formulations (100 nM) encapsulating 1pg of chitosan-pDNA complexes were added
to bEnd.3, primary astrocytes and primary neurons and incubated for 4 h (Sharma et al., 2012).
Subsequently, media was removed, cell were washed three times with PBS and incubated in
fresh media for 48 h. Percent of cells expressing GFP was evaluated using flow cytometer
(FACS analysis- Accuri C6, MI, USA). Quantification of B-galactosidase activity was performed

using B-gal assay kit. Total protein levels were determined by BCA assay.

Blood compatibility study

The test was performed following the method previously described (dos Santos Rodrigues et al.,
2018a). Briefly, blood was withdrawn from Sprague-Dawley rats and washed 3 times with PBS

(pH 7.4). Then, 500 pl of either different concentrations of liposomal formulations (31.25 — 1000
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nM), or only PBS (negative control), or 1% Triton X-100 (positive control) were incubated with
1.5 x 107 erythrocytes (500 pl) for 1 h at 37 °C. After incubation, the samples were centrifuged
(1500 rpm for 10 min) and released hemoglobin in the supernatant was measured as absorbance
at 540 nm. Hemolysis percentage was calculated considering the absorbance in presence of

Triton X-100 as 100%.

Transport of liposomes across the in vitro BBB model

The designed in vitro BBB model constituted of primary astrocytes (1.5x 104 cells/cm2) cultured
on the lower surface of membrane inserts and bEnd.3 cells (1.5x 104 cells/cmz2) cultured on upper
surface of membrane inserts (Nakagawa et al., 2009; Helms et al, 2016). Transendothelial
electrical resistance (TEER) was monitored using EVOM2 (World Precision Instruments, FL,
USA). After the development of tight contact among cells, fluorescent labeled-liposomes (100
nM) were added to the upper compartment and fluorescence intensity of liposomes in the
basolateral compartment was quantified over a period of 8 h. TEER was measured before and
after transport study to verify membrane integrity. Sodium-fluorescein (Na-F, MW: 376.275
g/mol) (100 pg/ml), a barrier integrity marker, was used to determine the permeability of the in

vitro model and compared to the permeability of liposomal formulations.

Transfection efficiency of liposomes in the triple cell culture model

Liposomal formulations encapsulating 1 ug chitosan-pDNA complexes were added to the upper

compartment of inserts placed in plates with primary neurons cultured on the bottom. Inserts

13

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadseed | wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on June 19, 2020 as DOI: 10.1124/jpet.119.264127
This article has not been copyedited and formatted. The final version may differ from this version.

JPET # 264127

were removed and media were replaced for fresh media after 8 h and cells were incubated for 48
h. Percent of cells expressing GFP was evaluated by flow cytometry and fluorescence

microscopy.

In vivo biodistribution and biocompatibility

Fluorescent labeled-liposomal formulations were administrated via tail vein of C57BL/6 mice at
dose of ~15.2 umoles’kg body weight (n=6) (Sharma et al., 2013). Fluorescence intensity of
lissamine rhodamine was analyzed after 24 h in the mice and individual organs using neutral
infrared (NIR) imaging. Tissues were weighted, homogenized with PBS and the dye extracted
with chloroform:methanol (2:1). Fluorescence intensity was measured using spectrophotometer
at Aex 560 nm and Aem 580 nm. Data were normalized with the negative control treated with
saline only. Tissue characteristics and the possible morphological changes after treatment were

analyzed in tissue sections with hematoxylin-eosin (H&E) staining.

Statistical analysis

The in vitro studies were performed in four independent experiments and all data were expressed
as mean *+ SD. Statistical significance were evaluated using one-way analysis of variance
(ANOVA) followed by Tukey multiple comparison post-hoc test using the software GraphPad
Prism version 5.0. P-values <0.05 were considered statistically significant. Six mice per in vivo

experimental condition were used to provide statistically valid data.
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Results

Characterization of liposomal formulations

Liposomal formulations were prepared according to our previously reporting method(dos Santos
Rodrigues et al., 2018a) and they were optimized to generate highly multivalent nanoparticles
that could cross the BBB efficiently. We modified the surface of liposomes with Tf ligand for
targeting the transferrin receptors, which are expressed on the surface of brain capillary
endothelial cells, and a CPP to enhance cell penetration. The lipid vesicles were obtained with a
mean size average of 153 nm. Incorporation of Tf on liposome surface led to not significant
increase of particle size as compared to the particle size of CPP-modified liposomes. The zeta
potential of liposomes was obtained in the range of 16-22 mV, as shown in the Table 1. The
TEM image of dual-modified liposomes (kFGFTf-liposomes) showed the spherical morphology
of nanoparticles (Figure la). Encapsulation efficiency of plasmid DNAs into liposomes was

studied showing favorable plasmid encapsulation with more than 84% efficiency.

pDNA protection assay against nuclease degradation

The protective effect of liposomes on encapsulated pDNA against enzymatic degradation was
evaluated incubating liposomal formulations in the presence of DNase I. Gel agarose
electrophoresis (Figure 1b) confirmed the ability of the liposomes to preserve the encapsulated
pDNA in the presence of DNase I, whereas the naked DNA was fully digested in the same
experimental conditions (Figure 1b, lane b). There were no significant changes in the plasmid

band encapsulated into liposomes (Figure 1b, lanes e-h) as compared to control (Figure 1b, lane
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a), indicating that encapsulation of pDNA into liposomes protected them against enzymatic

degradation.

Cytotoxicity of liposomal formulations

The effects of different concentrations (100, 200, 400 and 600 nM) of liposomal formulations on
viability of bEnd.3 (Figure 2a), primary astrocytes (Figure 2b) and primary neurons (Figure 2c)
after 4 h incubation were evaluated through MTT assay. The lowest concentration (100 nM) did
not significantly affect the cell viability of the aforementioned cells, which was approximately
90%. Cell viability of the cells significantly (p < 0.05) reduced to 65% at 600 nM phospholipid
concentration of kFGF-lip, kKFGFTf-lip, PasR8-lip and PasR8Tf-lip. At 600 nM phospholipid
concentration, Mel-lip and MelTf-lip demonstrated 57.8% of cell viabilities, which is
significantly (p < 0.05) lesser as compared to kFGF-lip, kKFGFTf-lip, PasR8-lip and PasR8Tf-lip
at the same phospholipid concentration. Considering our findings,100 nM phospholipid
concentration was used for further in vitro experiments due to lower cytotoxicity for all

liposomal formulations.

Cellular internalization study

Evaluation of internalization of liposomal formulations into bEnd.3, primary astrocytes and
primary neurons showed that uptake occurred in a time-dependent manner. The dual modified
liposomal formulations demonstrated 68.6%, 66.8 % and 66.4% cellular uptake in bEnd.3 cells

(Figure 3a), primary astrocytes (Figure 3b) and primary neurons (Figure 3c), respectively after 4
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h. The investigation of the mechanisms involved in liposome internalization into the cells was
performed using known endocytosis inhibitors for the main endocytosis pathways. The results
showed the uptake of various liposomes in bEnd.3, primary astrocytes and primary neurons, after
pretreatment with endocytosis inhibitors (Figure 3d, e and f). Using a fluorescently labeled-
liposomes, we observed differences in the mechanism of liposomes uptake dependent on cell
types (Supplemental Figure 1a, b and ¢). Moreover, we observed that the ATP depletion induced
by the energy-dependent endocytosis inhibitor sodium azide pretreatment significantly decreased
the uptake of all liposomal formulations in the tested cells. Mel-liposomes internalization in
bEnd.3 cells and primary astrocytes occurred through multiple endocytosis mechanisms, without
predominance of either clathrin-mediated endocytosis, caveolae-mediated endocytosis or
macropinocytosis. While, the internalization into primary neurons preferentially occurred via
caveolae-mediated endocytosis and direct translocation was also observed. Uptake of MelTf-
liposomes in bEnd.3, primary astrocytes and primary neurons was driven by multiple

endocytosis pathways without significant predominance of one pathway.

Clathrin-mediated endocytosis showed to be the main mechanism for kFGF-lip internalization
into bEnd.3 cells, whereas macropinocytosis was that for primary astrocytes and primary
neurons. Penetration of kFGFTf-lip into primary neurons occurred mainly through clathrin-
mediated endocytosis, but there was no preferential route for kKFGFTf-lip uptake for bEnd.3 cells
and primary astrocytes. The results suggested that uptake of PasR8-lip and PasR8Tf-lip by the
aforementioned cells employs energy-dependent pathways with the involvement of clathrin-

mediated endocytosis, caveolaec-mediated endocytosis and macropinocytosis.

17

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadseed | wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on June 19, 2020 as DOI: 10.1124/jpet.119.264127
This article has not been copyedited and formatted. The final version may differ from this version.

JPET # 264127

Transfection efficiency

To verify the potential of CPPTf-liposomes as an efficient gene delivery nanoplatform for
treatment of neurodegenerative diseases, plasmid GFP and plasmid fgal were chosen as model
genes to evaluate the ability of liposomes to transfect cells. The capability of the formulations to
transfect cells were compared to that of commercially available transfection agent Lipofectamine
3000. bEnd.3, primary astrocytes and primary neurons were treated with Lipofectamine 3000 or
liposomal formulations containing chitosan-pGFP. After treatment, GFP-expression was
quantified by flow cytometer (Figure 4a, b and c) as well as was observed using a fluorescence
microscope (Figure 4d). While B-galactosidase activity was measured in bEnd.3, primary
astrocytes and primary neurons using [gal assay kit (Supplemental Figure 2a, b and c).
Liposomes modified with both Tf and CPP induced higher number of cells expressing GFP as
compared to Lipofectamine 3000 and CPP-liposomes in all tested cells. Dual modified liposomes
demonstrated significant (p < 0.05) increase in the number of GFP-expressing cells (33% in
bEnd.3, 22.1% in primary astrocytes and 18% in primary neurons) as compared to Lipofectamine
3000 (10% in bEnd.3, 14% in primary astrocytes, 6.6% in primary neurons).  Liposomes
conjugated to Tf and CPP containing pPgal, similarly to those liposomes containing pGFP,
induced higher B-galactosidase activity in the tested cells as compared to Lipofectamine 3000

and single modified liposomes.

Transfection in primary neurons after transport of liposomes across in vitro BBB model

The in vitro BBB model was developed co-culturing brain endothelial cells (bEnd.3 cells) on the
upper surface of culture inserts, primary astrocytes seeded on the lower surface of the culture
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insert and primary neurons on the bottom of the culture wells. The integrity of this BBB model
was characterized by measuring the TEER and the paracellular transport of sodium fluorescein
across the co-culture. Using fluorescently labelled-liposomes, we showed that liposome
transport across the in vitro co-culture BBB model occurred over time (Figure 5a). CPP-Tf-
liposomes showed superior ability to cross the in vitro BBB as compared to CPP-liposomes.
After 8h, approximately 10.8% of MelTf-lip, KFGFTf-lip and PasR8Tf-liposomes crossed the in
vitro BBB model. The permeability coefficients of the previously mentioned formulations were
3.7-fold higher as compared to that of Na-F (Figure 5b). Despite the significantly (p < 0.05)
higher permeability of the liposomal formulations when compared to Na-F, the values of TEER
strongly indicates that liposomes did not cause membrane disruption or cellular damage after
transport investigation, therefore the integrity of the cellular barrier was maintained throughout

the experiment (Figure 5c¢).

Thereafter, the ability of dual modified liposomes to transfect primary neurons after crossing the
in vitro BBB model was assessed. MelTf-lip, kKFGFTf-lip and PasR8Tf-liposomes were able to
induce similar expression of GFP in primary neurons (Figure 6a), as observed in the fluorescent
images of primary neurons expressing GFP after treatment with the aforementioned liposomes

(Figure 6b, c and d, respectively).

Hemolytic potential

Hemolytic potential of liposomal formulations was investigated at different phospholipid
concentration (31.25-1000 nM) on rat erythrocytes after 1 h of incubation at 37 °C, as shown in
Figure 7. Similar hemolysis profile was observed for kFGF-lip, kFGFTf-lip, PasR8-lip and
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PasR8Tf-liposomes. At the lowest phospholipid concentration (31.25 nM), 1.4% of hemolysis
was observed, which gradually increased to 12.2% hemolysis at 1000 nM phospholipid
concentration. Whereas Mel-lip and MelTf-lip at 31.25 uM phospholipid concentration showed
approximately 1.9% of hemolysis. These liposomal formulations significantly (p < 0.05)
increased hemolysis at 1000 nM phospholipid concentration to 15.6%. Biomaterials with
hemolytic index below 2% are classified as non-hemolytic, while the ones within the range 2%-
5% are classified as slight hemolytic and the ones above 5% are classified as hemolytic,
according to ISO Standard Practice for Assessment of Hemolytic Properties of Materials
(Committee FO4 Medical and Surgical Materials and Devices, 2009). Therefore, liposomal
formulations at low phospholipid concentration were considered non-hemolytic, which suggested

to be appropriate for intravenous administration.

In vivo biodistribution

Accessing the brain is one of the major hurdles faced by therapeutic agents for the treatment of
CNS diseases. Intravenous administration of liposomal formulations intends to maximize the
targeted delivery and facilitate liposomes to bypass the BBB. Then, Mel-lip, MelTf-lip, kFGF-
lip, KFGFTf-lip, PasR8-lip and PasR8Tf-liposomes were intravenously injected at a dose of 15.2
umoles/kg body weight in C57BL/6 mice. The evaluation of brain transport efficiency as well as
the distribution in liver, kidneys, lungs, heart, spleen and blood of fluorescently labelled CPPTf-
liposomes was performed after 24 h following tail vein injection and expressed as percentage of
the injected dose per gram of tissue (%ID/g). The designed liposomes were able to overcome the

BBB and permeate into the brain of mice. As shown in Figure 8, 2.7%, 3.2%, 2.3%, 5.7%, 2.1%
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and 3.7% ID/g in the brain were quantified for Mel-lip, MelTf-lip, kFGF-lip, kKFGFTf-lip,
PasR8-lip and PasR8Tf-liposomes, respectively. Highlighting kFGFTf-liposome showed
significantly (p < 0.05) higher ability to translocate across the BBB and reach the brain
parenchyma as compared to all liposomal formulations. Biodistribution analysis showed that
liver was the major organ where liposomal formulations accumulated (average of 14.6% ID/g of
tissue), (Supplemental Figure 3). We could observe levels of liposomal formulations between
4.8% to 10.4%ID/g of tissue for both kidneys and lungs. While 5.4% and 3.2% ID/g of tissue
were the highest values calculate in heart and spleen, respectively, and 3.5%ID/ml of blood was
the highest amount of liposomes quantified in the blood (Supplemental Figure 3). Figure 8 and
Supplemental Figure 4 depicted the relative fluorescent intensity of the main organs (brain, liver,
kidneys, lungs, heart and spleen) analyzed after 24 h of administration with the liposomal

formulations.

H&E staining reflected the biocompatibility of liposomal formulations (Figure 9). The control
group, animals administered with PBS, exhibited a healthy pattern with cellular integrity. In the
treated group, animals administered with liposomal formulations, cellular damage or change in
morphology was not observed. Signs of cytotoxicity including cell shrinkage, fragmentation,

change in cell volume or signs of necrosis or inflammation were also not observed.

Discussion

Despite the advancement in therapeutic transport technology, nanoparticle formulations to treat
brain diseases are still not available. Engineering liposomes based on control of composition and
surface modification are being attempted to achieve targeted and delivery properties (Bunker et
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al., 2016; Zylberberg et al., 2017). Our group has demonstrated that the design of liposomal
nanoparticles surface modified with Tf and cell-penetrating peptides results in efficient brain-
targeted delivery systems (dos Santos Rodrigues et al., 2018b; dos Santos Rodrigues, Kanekiyo,
et al., 2019; dos Santos Rodrigues, Lakkadwala, et al, 2019; Lakkadwala et al., 2019).
Following the same concepts, we developed in this study liposomes modified with Tf and
selected cell-penetrating peptides aiming to improve the delivery of plasmid DNA to brain cells
after translocating the BBB. The transferrin receptors expressed on brain capillary endothelial
cells help shuttle Tf-conjugated nanoparticles from blood into the brain, overcoming the
impermeability of BBB. However, receptor saturation can interfere with the effects of Tf-
nanoparticles and decrease their therapeutic efficacy (Johnsen and Moos, 2016; Gorain et al.,

2018). Therefore, these liposomes were surface modified with CPPs to overcome this effect.

Cell-penetrating peptides comprise a group of carriers with small peptide domains and the
advantage of transporting cargo into the cells with no saturation phenomenon. In this study, we
selected three CPPs (Mel, kFGF and PasR8) based on their physicochemical properties and
reported ability to enhance the delivery properties of conjugated drug/gene carriers (Khanna et
al., 2015; Kyung et al., 2018; Zhang et al., 2018). We investigated the efficiency of liposomal

nanoparticles modified with Tf and CPP as potential brain-targeted gene delivery systems.

Engineering our liposomal formulation included the lipid composition of nanoparticles, which
consisted of DOTAP, DOPE, cholesterol and DSPE-PEG. The cationic character of DOTAP likely
contributed to the overall positive zeta potential of liposomal formulations. The combination of
DOTAP and the helper phospholipid DOPE has reported to cooperate with high transfection

efficiency of such liposomal formulations (Hui et al., 1996; Mochizuki et al., 2013). These
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phospholipids would facilitate the complexation with DNA and electrostatic interaction with
plasma membrane followed by release of nucleic acid for successful transfection (Ciani et al.,
2004; Kim et al., 2015). DOPE can additionally contribute to endosomal escape by destabilizing
endosome membrane at low pH (Balazs and Godbey, 2009). Cholesterol incorporation intended
to impart nanoparticle stability and control the release of genes (Briuglia et al., 2015). While
DSPE-PEG would improve pharmacokinetics of liposomes after intravenous administration by
minimizing protein binding and recognition of the nanoparticles by reticuloendothelial systems
(Maria Laura Immordino et al., 2006). Complexation of plasmid DNA to chitosan was another
strategy used in the design of liposomal gene delivery system with enhanced transfection
efficiency. Chitosan, a cationic polymer, has extensive applications due to its versatile properties
and safety. Gene delivery field has taken advantages of chitosan capacity to condense nucleic
acids leading to protection against enzymatic degradation and promotion of transfection

(Koping-Hoggard et al., 2001).

In this study, the designed brain-targeted liposomes were prepared using thin lipid film method
followed by incorporation of Tf ligand through post-insertion method. The liposomal
formulations showed homogeneous particle size which was supported by the narrow size
distribution (PDI < 0.3). The presence of positively charged DOTAP and functional groups of Tf

and CPPs may have contributed to the positive zeta potential of formulations.

Effective gene transfer is based on ensuring the delivery of the new genetic information into the
target cells and the expression of the therapeutic molecule without disrupting essential regulatory
functions (Ibraheem et al., 2014). However, the hydrophilic anionic nature of DNA and their

susceptibility to degradation by nucleases limit their passive penetration across plasma
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membrane as well as their activity (Al-Dosari and Gao, 2009). Success of gene therapy depends
on engineering a safe and effective carrier to ensure protection against nucleases and target
delivery (Kumar et al., 2016). Our designed liposomal formulations protected efficiently the
encapsulated pDNA against nuclease degradation. Such protective properties were similar to
those of surface modified liposomal formulations used in different studies (Lappalainen, 1994;

Obata et al., 2009; Meissner et al., 2015).

Initially, the liposomal concentration used in our in vitro experiments was determined through
evaluation of cytotoxicity in the target cells (brain endothelial cells, astrocytes and neurons).
Corroborating with previous reports of our group with similar liposomal nanoparticles (dos
Santos Rodrigues, Banerjee, et al., 2019; dos Santos Rodrigues, Lakkadwala, et al., 2019), the
formulations had negligible cytotoxicity at low phospholipid concentration. However, cell
viability significantly reduced at high phospholipid concentration, especially for Mel-conjugated
liposomes. This can be due to the cell lytic capabilities of Mel. Supporting our findings, Mel has
shown concentration and time-dependent cytotoxicity in studies with lymphocytes and such
properties were associated to direct membrane toxicity as well as DNA damage (Pratt et al.,
2005; Lee et al., 2007). Therefore, 100 nM phospholipid concentration was chosen for following

experiments.

The better understanding of process that govern liposome interaction with cells, cellular
internalization mechanisms and intracellular trafficking contribute to rational design and
engineering of efficient gene delivery system (Behzadi et al., 2017). The designed liposomes
entered into bEnd.3, primary astrocytes and primary neurons in a time-dependent manner.

Mechanistic understanding of the biological processes that determine the uptake of CPP coupled
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liposomes as well as CPP and Tf coupled liposomes is important for further development of
efficient gene delivery vectors with targeted properties, enhanced cellular internalization and
efficient transfection. Liposome internalization into the cells begins with interaction of the
liposome moieties to plasma membrane and subsequent activation of transport pathways
(Veltman et al., 2013; Behzadi et al., 2017), which may occur either via endocytosis or direct
translocation through plasma membrane. We were expecting that the selected liposome moieties
should trigger the activation of endocytosis through sequence-specific interaction to cellular
surface. Furthermore, we were also expecting differences in liposome uptake among the tested
cells due to cell-to-cell variation in plasma membrane composition including proteoglycans and
receptors, which consequently may influence intracellular destination of nanoparticles (Veltman
et al., 2013). Our results suggested that active endocytotic uptake mechanism was the major
route for liposome internalization. The latter was in good accordance with findings on in vitro
studies performed with cell-penetrating peptides (Ruzza et al., 2010; Mo et al., 2012) and surface
modified-liposomes (Xu and Szoka, 1996; Bondurant et al., 2002; Yamano ef al., 2011; Johnsen

and Moos, 2016).

Mel-lip, MelTf-lip, PasR8-lipand PasR8Tf-lip internalized into the cells through multiple
endocytosis pathways. While kFGF-lip preferentially internalized into bEnd.3 cells via clathrin-
mediated endocytosis, and astrocytes and neurons via macropinocytosis. Clathrin-mediated
endocytosis was the main mechanism for kFGFTf-lip internalize into primary neurons. The
translocation potential of kFGF-conjugated cargos has been suggested to be related to the overall
hydrophobic composition of the peptide (Khanna et al., 2015). Our findings are in accordance
with earlier reports showing that internalization of hydrophobic CPPs into cells happened mainly

via endocytotic pathway (Graslund ef al., 2011). Similarly, the promotion of PasR8 or peptide-
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modified nanoparticles translocation into cytoplasm was observed to be predominantly an
energy-dependent mechanism in different studies (Takayama et al., 2009, 2012; Liu et al., 2013).
It suggested that mechanism was based on destabilization of plasma membrane during early
stages of endocytosis. The hydrophobic segment Pas attached to RS facilitated the peptide-

proteoglycan interactions, thereby enhancing their internalization (Takayama et al., 2009, 2012).

In vitro transfection studies showed that liposomal formulations dual-modified with Tf and CPP
had superior ability to deliver pDNA into cells and induce higher protein expression when
compared to CPP-liposomes and Lipofectamine. Our findings are in accordance with studies that
demonstrated the enhancement in transfection provided by liposome modified with specific
ligands (Zou et al., 1999; Meissner et al., 2015; Zylberberg et al, 2017). Additionally,
combination to transferrin-receptor targeting has consolidated to be a consistent strategy for both
targeting properties and enhanced transfection (Cheng, 1996; Girdo Da Cruz ef al., 2004; Girdo

da Cruz et al., 2005).

A significant number of potential formulations for the treatment of CNS diseases fail to bypass
the BBB. Therefore, it is relevant to characterize BBB permeability of these candidates in a
reliable in vitro BBB model. This system can provide a better understating of mechanisms
involved in crossing such tight barrier and can allow the screening as well as the optimization of
candidate formulations (Hatherell et al., 2011; Helms et al., 2016). The designed co-culture BBB
model provides close resemblance to the cell arrangement at the neurovasculature unit
thereupon it has become a more widely accepted model (Wilhelm and Krizbai, 2014).

Furthermore, the brain microvasculature cell line hCMEC/D3 represents an important human BBB

model considering the expression of most transporters and receptors expressed in human BBB (Weksler
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et al., 2013). In this study, we developed an in vitro BBB model consisting of mouse cells to mimic the
brain vasculature of the animals used in the in vivo studies. In future studies, we would develop BBB
model comprising of hCMEC/D3 cells for evaluating in vitro transport of liposomes. We would also use
hCMEC/D3 cells to study cell uptake as well as transfection efficiency of liposomal formulations. The
transport of liposomal formulations across the in vitro BBB occurred over time without
disrupting the barrier layer, which correlates to the observed low cytotoxicity of liposomal
formulations. Furthermore, the results suggest that transferrin receptor-targeting facilitated in
interaction of CPPTf-liposomes to Tf receptor on cell surface enhancing the transport across the
in vitro barrier layer. The translocation of Tf coupled liposomes suggested the involvement of

clathrin-mediated transcytosis in this process.

Concerns about the biological safety of cationic nanoparticles administered intravenously need to
be addressed prior in vivo application. The interaction between biomaterial and erythrocytes was
evaluated using hemolysis assay. The hemolytic profile of liposomal formulations showed that
hemolysis increased as phospholipid concentration increased. At low phospholipid
concentration, hemolysis index was in the range classified as non-hemolytic (Committee F04
Medical and Surgical Materials and Devices, 2009). At higher phospholipid concentration, the
superior levels of hemolysis induced by Mel-lip and MelTf-lip could be attributed due to the
strong interaction of Mel to cell membranes, which can cause disruption of lipid structure
accounting for erythrocytes lysis. Membrane binding and lysis properties of Mel depend not only
on the plasma membrane composition, but also depend on peptide concentration (Lundquist et
al., 2008; Qian and Heller, 2015). Furthermore, conjugation to DSPE-PEG has demonstrated to
reduce the lytic activity of Mel (Popplewell et al., 2007). Taken together, these could be an

explanation for the lower levels of hemolysis induced by Mel-lip and MelTf-lip at low
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phospholipid concentration. The study of direct effects of Mel on erythrocytes exposed to Mel
concentrations of 0.5 uM, 0.75 uM and 1puM demonstrated the lytic properties of this peptide,
which produced variation on median cell volume followed by cell lysis (Pratt et al., 2005). The
low hemolytic index at low phospholipid concentration indicated that our designed liposomes are

appropriate for systemic administration.

The qualitative and quantitative evaluation of biodistribution of our brain-targeted liposomes
showed the ability of the nanoparticles to overcome the BBB and dual modification with both
ligands enhanced the brain-targeting ability. Liposomes modified with kFGF and Tf showed
significantly (p<0.05) higher accumulation in the brain compared to MelTf-lip and PasR8Tf-lip.
Physicochemical properties of kFGF might have contributed to enhancement of transport of
modified liposomes across BBB. The latter may be attributed to the reported high translocation
across BBB with reduced efflux from the brain and longer half-life (~48 h) of kFGF compared to
Mel and arginine-rich peptides (4 min and 2 h, respectively) (Sarko et al., 2010; Khanna et al.,
2015). Additional studies are needed to investigate the mechanisms involved in nanoparticle
transcytosis across BBB, delivery of pDNA and induction of protein expression in brain cells.
Liposomal formulations were also detected in other organs and accumulated more in liver. Many
research groups have developed advanced brain delivery carriers based on liposomes coated with
specific ligands that ensure brain targeting and prolonged systemic circulation properties (Qin et
al., 2011; Zheng et al., 2015; Gregori et al., 2016; Ordoéfiez-Gutiérrez et al., 2017; Gorain et al.,
2018). The brain targeted properties and accumulation of the designed liposomes combining
transferrin-receptor targeting and enhanced cell penetration in our study showed advantageous
application as brain gene carrier. Further, the overexpression of transferrin receptor on brain

capillary endothelium could strength the targeting ability of dual-functionalized liposomes
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especially of kFGFTf-liposomes. This finding followed the similar efficiency of liposomes to
accumulate in the brain described in earlier reports of our group suggesting the importance of
specific ligands enhancing the transport of multifunctionalized liposomes across BBB (dos
Santos Rodrigues ef al., 2018b; dos Santos Rodrigues, Lakkadwala, et al., 2019). Additionally,
these studies also suggested that physicochemical properties of coupled CPPs determined the
differences in the ability of liposomes to reach the brain. Studies characterizing the role of CPP
on in vivo transport of designed liposomes across BBB may explain the differences in transport

efficiency of formulations across the BBB and, consequently in transfection efficiency.

The biologically inspired lipid-based nanoparticles, conjugated to Tf ligand and CPP, were here
designed as a novel nanomedicine for efficient delivery of genes into the brain. Both in vitro and
in vivo experiments evaluated the ability of these liposomes to translocate across cell membrane
and transfect cells. We could note that the physicochemical properties of the selected CPPs (Mel,
kFGF and PasR&8) influenced the ability of the designed liposomes to internalize and transfect
cells as well as to cross in vitro and in vivo BBB and penetrate into the brain. The established in
vitro co-culture BBB model showed to be a reliable model to estimate the ability of the delivery
systems to penetrate into the central nervous system. Liposomes conjugated to Tf and kFGF
showed significantly higher ability to overcome BBB and reach the brain of mice compared to
the other dual-functionalized liposomes. The findings here provided evidence that strategic
design of liposomal formulations might serve as efficient approach to obtain delivery system
with desired properties. Importantly, the data also highlight the importance for strategic design of
liposomal formulations involving the use of transferrin receptor-targeting and CPPs to improve

carrier gene delivery properties prior to their translation in vivo.
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Legend of Figures

Figure 1. a) Transmission electron micrograph (TEM) of kFGFTf-liposomes which was
negatively stained with 0.1% phosphotungstic acid aqueous solution (Scale 50 nm). b) Protective
effect of liposomal formulations containing chitosan-pDNA complexes against nuclease
degradation. Liposomal formulation containing chitosan-pGFP (N/P 5). Lane a, naked pGFP;
lane b, naked pGFP+DNase I; lanes c-h, Mel-lip, MelTf-lip, kKFGF-lip, kFGFTf-lip, PasR8-lip

and PasR8Tf-liposomes containing chitosan-GFP complexes, respectively + DNase 1.

Figure 2. In vitro viability of (a) bEnd.3 cells, (b) primary astrocytes and (c) primary neurons
treated with Mel-lip, MelTf-lip, kFGF-lip, kFGFTf-lip, PasR8-lip and PasR8Tf-liposomes at
different phospholipid concentrations (100, 200, 400 and 600 nM) for 4 h. Cell viability was
determined by MTT assay. Data are expressed as mean = SD (n=4). Statistically significant

(p<0.05) differences are shown as (*).

Figure 3. Cellular uptake of Mel-lip, MelTf-lip, kFGF-lip, kKFGFTf-lip, PasR8-lip and PasR8Tf-
liposomes. The amount of Dil labeled-liposomes incorporated into (a) bEnd.3, (b) primary
astrocytes and (c) primary neurons was measured after 0.1, 0.25, 0.5, 1 and 4 h of incubation.
Statistically significant (p<0.05) differences are shown as (***) as compared to liposome uptake
after 4 h of incubation. The amount of Dil labeled-liposomes incorporated after 4 h of incubation
into (d) bEnd.3, (e) primary astrocytes and (f) primary neurons pretreated with endocytosis

inhibitors (sodium azide, chlorpromazine, amiloride and colchicine). All data are expressed as
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mean = SD (n=4). Statistically significant (p<0.05) differences are shown as (***) as compared

to control group (4h of incubation without endocytosis inhibitors).

Figure 4. GFP expression in bEnd.3 (a), primary astrocytes (b) and primary neurons (c) after 48
h of treatment with Mel-lip, MelTf-lip, kKFGF-lip, kKFGFTf-lip, PasR8-lip and PasR8Tf-liposomes
containing chitosan-pGFP complexes as determined by flow cytometry. d) Fluorescence
microscopy images of GFP expression in bEnd.3, primary astrocytes and primary neurons
transfected with Mel-lip, MelTf-lip, kKFGF-lip, kKFGFTf-lip, PasR8-lip and PasR8Tf-liposomes
containing chitosan-pGFP complexes after 48 h (Scale bar depicts 100 pm). Data are expressed
as mean + SD (n=4). Statistically significant (p<0.05) differences are shown as (*) with

Lipofectamine 3000.

Figure 5. a) Percent transport of Non-modified liposome, Mel-lip, MelTf-lip, kFGF-lip,
kGFGTf-lip, PasR8-lip and PasR8Tf-liposomes across in vitro BBB model over a period of 8 h.
b) Endothelial cell permeability (Pe, expressed as 1x10-s cm/sec) coefficient for Na-F, Non-
modified, Mel-lip, MelTf-lip, kFGF-lip, KFGFTf-lip, PasR8-lip and PasR8Tf-liposomes.
Statistically significant (p<0.05) difference is shown as (*) with Na-F. ¢) Transendothelial
electrical resistance (TEER, expressed as QQcm?2) of in vitro BBB model before and after 8 h of

incubation with liposomal formulations. All data are expressed as mean = SD (n=4).

Figure 6. a) GFP expression in primary neurons transfected with MelTf-lip, kFGFTf-lip, and
PasR8Tf-liposomes containing chitosan-GFP complexes after liposome transport through the in

vitro BBB model as determined by flow cytometry. Fluorescence microscopy images of GFP
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expression in primary neurons transfected with (b) MelTf-lip, (¢) kKFGFTf-lip and (d) PasR8Tf-
liposomes containing chitosan-pGFP complexes after liposome transport study (Scale bar depicts

100 pm).

Figure 7. Hemolytic activity of Mel-lip, MelTf-lip, kFGF-lip, kFGFTf-lip, PasR8-lip and
PassR8Tf-liposomes at different concentrations (31.25-1000 nM) in erythrocyte solution (2%)
after 1 h of incubation at 37 °C. Hemolytic activity of 1% v/v Triton X-100 was considered as

100% hemolysis. Data are expressed as mean = SD (n=4).

Figure 8. In vivo biodistribution and near-infrared (NIR) imaging of relative fluorescence
intensity in the brain and whole mice after 24 h of Mel-lip, MelTf-lip, kFGF-lip, kKFGFTf-lip,
PasR8-lip and PasR8Tf-liposomes administration. Data are expressed as mean £ SE (n=6).

Statistically significant (p<0.05) differences are shown as (*).

Figure 9. Representative images of hematoxylin-eosin (H&E) staining of brain, liver, kidneys,
heart, lungs and spleen sections of C57BL/6 mice following tail vein administration of saline
(used as control), Mel-lip, MelTf-lip, kFGF-lip, kKFGFTf-lip, PasR8-lip and PasR&8Tf-liposomes,

n=6. Scale bar depicts 100 pm.
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Table

Table 1: Characterization of CPPTf-liposomes

Liposomes Size (nm) PDla Zeta potential (mV) EEb
Mel-liposome 150.9+3.39 0.287+0.02 20.9+2.58 87.4+3.85%
MelTf-liposome 165.5+3.52 0.175+0.05 19.9+1.63 84.6+4.89%
KFGF-liposome 145.9+4.18 0.237%0.04 16.3+0.81 84.5+1.97%
KFGFTf-liposome 151.5+3.47 0.192+0.03 20.1+1.21 90.7+1.96%
PasR8-liposome 147.3+2.46 0.274%0.05 21.3+1.13 88.2+7.40%
PasR8Tf-liposome 153.5+3.79 0.181+0.01 21.7+2.50 90.2+7.30%

Data are presented as mean = SD from four different preparations.
aPDI: polydispersity index
vEE: pDNA entrapment efficiency
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Figure 1
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Figure 6
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Figure 8
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Figure 9
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