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Abstract

Liposome based delivery systems provide a promising strategy for treatment of neurodegenerative
diseases. A rational design of brain-targeted liposomes can support the development of more
efficient treatments with drugs and gene materials. Here, we characterized surface modified
liposomes with transferrin (Tf) protein and penetratin (Pen), a cell-penetrating peptide, for
efficient and targeted gene delivery to brain cells. PenTf-liposomes efficiently encapsulated
plasmid DNA, protected them against enzymatic degradation and exhibited a sustained /n vitro
release kinetics. The formulation demonstrated low cytotoxicity and was non-hemolytic.
Liposomes were internalized into cells mainly through energy-dependent pathways especially
clathrin-mediated endocytosis. Reporter gene transfection and consequent protein expression in
different cell lines were significantly higher using PenTf-liposomes compared to unmodified
liposomes. The ability of these liposome to escape from endosomes can be an important factor
which may have likely contributed to the high transfection efficiency observed. Rationally
designed bifunctional targeted-liposomes provide an efficient tool for improving the targetability
and efficacy of synthesized delivery systems. This investigation of liposomal properties attempted
to address cell differences, as well as, vector differences, in gene transfectability. The findings
indicate that PenTf-liposomes can be a safe and non-invasive approach to transfect neuronal cells
through multiple endocytosis pathways.
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1. Introduction

The introduction of nanoparticles in pharmaceutical drug delivery has led to tremendous
advancement in the field by opening avenues for transport and target specific delivery of
therapeutic molecules, especially those with unfavorable physicochemical properties.
Liposomes are widely used nanoparticle based delivery systems with different applications
due to their versatility in modifying physicochemical and biophysical properties of drugs,
thus modulating the biological outcome (Bulbake et al., 2017; Sercombe et al., 2015;
Zylberberg and Matosevic, 2016). They are vesicles consisting of one or more concentric
bilayers of phospholipids with an aqueous core to enable loading of both hydrophilic and
hydrophobic molecules. The dynamic and adaptable nature of liposomes allow prolonged
systemic circulation as well as delivery and accumulation in specific tissues (Panahi et al.,
2017; Zylberberg et al., 2017). Liposomes confer additional advantages including increased
drug stability (Zhang and Anchordoquy, 2004), bioavailability (Cagdas et al., 2004),
controlled release (Sercombe et al., 2015), biocompatibility (Knudsen et al., 2015) and
capacity to carry molecules with a wide range of size (Balazs and Godbey, 2011).

Currently, neurodegenerative disorders represent a growing burden to the public health.
Scarcity of efficient treatments for these diseases not only lead to suffering of patients but
also present financial challenges (Kirson et al., 2016; Prince et al., 2013). Since the current
treatments have largely failed in reversing the disease progression and restoring cellular
functions, many efforts have been made with the intention to discover innovative and
definitive treatments for these types of disorders. Among the therapies, gene therapy appears
promising and offers to counter or replace the malfunctioning/causative gene (Kumar et al.,
2016; Naldini, 2015). The biological barriers remain the main obstacles in the delivery of
therapeutic molecules to brain cells that is particularly pertinent for DNA molecules owing
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to their high molecular weights and anionic nature. Liposomes can be designed to breach the
blood brain barrier (BBB) and deliver drugs specifically to the brain cells. Additionally, they
are suitable gene carrier that can not only carry plasmid DNA (pDNA), but also protect them
against enzymatic degradation(Ma et al., 2007; Safari and Zarnegar, 2014). Efficient gene
delivery capacity has been demonstrated by cationic liposomes and therefore they have been
extensively utilized as gene carriers (Li et al., 2011; Michel et al., 2017; Shim et al., 2013;
Yang et al., 2014). The electrostatic interactions between positively charged liposomes and
negatively charged cell membrane usually aid liposome internalization into cells and
consequently support pDNA delivery to the nucleus (Obata et al., 2009; Wiethoff et al.,
2002). However, the cationic surfaces of liposomes also have the propensity to interact
electrostatically with blood and components related to the immune system. Hydrophilic
polymer such as poly(ethylene glycol) (PEG) has demonstrated the ability to reduce protein
binding interaction to liposomes and prolong the half-life of particles in blood (Kolate et al.,
2014; Ogris et al., 1999).

Effective delivery of liposomes to target cells can be achieved by decorating liposomal
surface with ligands of specific receptors that are present on the surface of target tissues,
which enables development of strategic targeted delivery systems (Zylberberg et al., 2017).
Transferrin receptor (TfR), a transmembrane protein overexpressed on brain endothelial
cells, has been extensively explored for delivery of therapeutics to the brain. However, the
mechanism involved in the receptor-mediated transcytosis of Tf-modified liposomes across
brain endothelial cells is still unclear (Bien-Ly et al., 2014; Johnsen and Moos, 2016).
Nevertheless, targeting v7a TfR allows a high degree of internalization of carriers, but
receptor saturation can be a drawback (Xiao and Gan, 2013). The capacity of cell-
penetrating peptide (CPP) in translocating a variety of cargoes into the cell in a non-invasive
manner without the use of receptors might be an additional strategy to enhance carrier
internalization. CPPs have been successfully applied in drug delivery amongst which
penetratin (Pen), a CPP derived from Antennapedia homeodomain, has demonstrated
capability to penetrate neurons and accumulate in the nucleus (Ramsey and Flynn, 2015).
The cationic-amphiphilic character of Pen is involved in interaction with lipid components
of cellular membrane and subsequent internalization into the cell (Bashyal et al., 2016;
Zhang et al., 2016). Numerous studies have demonstrated the enhanced drug delivery
abilities of Pen-modified liposomes (Chikh et al., 2001; Marty et al., 2004). However, the
combination of multiple strategies including receptor targeting and enhanced cell
penetration, has been found to deliver genes across the BBB more efficiently (Balducci et
al., 2014; Bana et al., 2014; Chen et al., 2016; Sharma et al., 2013).

In this study, we designed liposomes for efficient gene delivery to neuronal cells by
modifying the surface of liposomes with Tf protein and Pen. Two plasmids (plasmid green
fluorescent protein- pGFP and plasmid Bgalactosidase- ppgal) were used as models for
transfection. To achieve the best transfection efficiency, we complexed DNA with chitosan
and loaded them into liposomes, thereby taking advantage of the unique gene delivery
properties of chitosan such as DNA condensation, protection against enzymatic degradation
and enhancement in transfection efficiency (Cifani et al., 2015; Mao et al., 2010). The
binding affinity of chitosan to pDNA as well as the capacity of the nanoparticles to protect
pDNA against enzymatic degradation were evaluated. Hemolytic activity and cytotoxicity

Int J Pharm. Author manuscript; available in PMC 2020 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

dos Santos Rodrigues et al. Page 4

2.

profile of the formulations were also evaluated to determine the /7 vivo biocompatibility of
liposomes. Cellular uptake mechanisms and transfection efficiency of liposomal
formulations were examined in bEnd.3 cells, astrocytes and primary neuronal cells. Finally,
the contribution of endosomal escape in improving transfection efficiency in bEnd.3 cells
was also investigated.

Material and methods

2.1 Materials

The phospholipids, dioleoyl-3-trimethylammonium-propane chloride (DOTAP), dioleoyl-
snglycero-3-phosphoethanolamine (DOPE), and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) were purchased from Avanti
Polar Lipids (Birmingham, AL, USA). The phospholipid DSPE-PEG5po—NHS was
purchased from Biochempeg Scientific Inc (Watertown, MA, USA). Holo-transferrin bovine,
cholesterol, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
Ethylenediaminetetraacetic acid (EDTA), 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (Dil), Hoechst 33342, Ethidium bromide (EtBr),
Sodium azide, Amiloride and Triton™ X-100 were obtained from Sigma—Aldrich (St. Louis,
MO, USA). Chlorpromazine and Colchicine were obtained from Enzo Life Sciences
(Farmingdale, N, USA). Chitosan (MW 30 kDa) was purchased from Glentham Life
Sciences (Corsham, UK). Plasmid DNA encoding p-galactosidase (gWiz-pGal) and plasmid
DNA encoding Green Fluorescent Protein (gWiz-GFP) were purchased from Aldevron LLC
(Fargo, ND, USA). Dulbecco’s Modified Eagle Medium (DMEM), and phosphate buffered
saline (PBS) were purchased from Corning Incorporated (Corning, NY, USA). Fetal bovine
serum (FBS) was purchased from JR Scientific Inc. (Woodland, CA, USA). B-galactosidase
enzyme assay kit with reporter lysis buffer was supplied by Promega (Madison, W1, USA).

2.2 Conjugation of Pen to DSPE-PEGyggo-NHS and Tf to DSPE-PEGyggo-NHS

Pen and Tf were conjugated to terminal NHS-activated DSPE-PEG2000 phospholipid,
separately. Pen and DSPE-PEG2000-NHS were dissolved in anhydrous DMF at 1:5 molar
ratio, after adjusting the pH to 8.0-8.5 with triethylamine. The reaction was allowed to
continue for 120 h at room temperature with gentle stirring. The resultant reaction mixture
was dialyzed (molecular weight cut-off of 3500 Da) in deionized water for 48 h to remove
uncoupled Pen. The dialysate was lyophilized and stored at —20 °C until use.

For conjugation of Tf to DSPE-PEG2000-NHS, 125 pg Tf/uM phospholipid were dissolved
in anhydrous DMF, after adjusting pH to 8.0-8.5 with triethylamine. The reaction was
continued for 24 h at room temperature under moderate stirring. Unbound protein was
removed using Sephadex G-100 column. Coupling efficiencies of both reactions were
determined using BCA protein assay (Thermo Fisher Scientific, Waltham, MA, USA).

2.3 Preparation and characterization of liposomes

Liposomes were prepared in a three-step process using thin lipid film hydration method and
were made bi-functional through incorporation of Tf-micelles into Pen-liposomes by post-
insertion technique(Sharma et al., 2012). First, DOPE/DOTAP/Cholesterol/Pen-PEG-lipid
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(45:45:2:4 mol %) were dissolved in chloroform:methanol (2:1, v/v) and dried to form a thin
lipid film, which was thereafter hydrated using HEPES buffer (pH 7.4). Dil or Lisamime
rhodamine B (0.5 mol %) were incorporated into the liposomes to prepare fluorescence
labeled-liposomes. Second, Pen-liposomes were stirred overnight with Tf-micelles to form
PenTf-liposomes. Free Tf was removed from the PenTf-liposomes using Sephadex G-100
column and the incorporation percentage of Tf in Pen-liposomes surface to form PenTf-
liposomes was determined using micro BCA assay. At last, chitosan-pGFP or chitosan-ppgal
polyplexes were added to hydration buffer for incorporation into liposomes (Figure 1).
Hydrodynamic size and zeta potential of the formulations were determined by dynamic light
scattering using Zetasizer Nano ZS 90 (Malvern Instruments, Malvern, UK) at 25 °C.

2.4 Chitosan-pDNA binding ability

The optimal chitosan-pDNA N/P ratio (molar ratios of the amine groups in chitosan and
phosphate groups in DNA) was monitored by EtBr exclusion assay and agarose gel
electrophoresis(Layek and Singh, 2013a). Naked pDNA was used as a positive control. The
complexes containing 1 pg of pDNA at different chitosan weight ratios were stained with
EtBr (0.5 ug) for 5 min and the fluorescence intensity was measured using a
spectrophotometer (excitation/emission wavelengths: 260/600 nm, respectively). Relative
fluorescence intensity of EtBr solution in the presence of free plasmid corresponded to 0%
condensation while fluorescence intensity without plasmid corresponded to 100%
condensation. For agarose gel electrophoresis, the complexes (1 pg pDNA at different
chitosan weight ratios) were loaded in 0.8% wi/v agarose gel stained with EtBr (0.5 pg/mL)
and electrophoresed at 80 V in 0.5X Tris-acetate-EDTA (TAE, Bio-Rad, CA, USA) buffer
for 80 min. The pDNA migration was thereafter recorded.

2.5 pDNA encapsulation efficiency

Encapsulation efficiencies of liposomal formulations containing pGFP or ppgal were
calculated using DNA intercalating dye Hoechst 33342 (0.15 pg/mL)(Zhang et al., 2007).
Fluorescence was measured using Spectramax M5 microplate spectrophotometer (Molecular
Devices, Sunnyvale, CA) at 354 nm excitation and 458 nm emission wavelengths. Percent
encapsulation was calculated considering the absorbance in presence of 0.5% v/v Triton
X-100 as 100%.

2.6 DNase protection assay

The ability of liposomal formulations to protect pPDNA against enzymatic degradation was
examined by DNase | protection assay(Layek et al., 2014). Formulations containing 1 ug
pDNA were incubated for 60 min at 37 °C with 1-unit DNase |. Naked pDNA incubated
with DNase | was used as a positive control. After incubation, the reaction was stopped by
adding 5 pl of EDTA (100 mM). Subsequently, 20 pL of heparin (5 mg/mL) was added and
the mixture incubated for 2 h at room temperature to release the pDNA from the complex.
The released pDNA samples were subjected to agarose gel electrophoresis 0.8% (w/v) at 80
V for 80 min.
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In vitro release

Liposomal formulations containing 50 ug of pDNA were dispersed in 10 mL of PBS (pH
7.4) and incubated at 37 °C under constant shaking at 50 rpm. At predetermined time
intervals, 300 pL of the suspension was withdrawn and centrifuged at 5,000 rpm, 4 °C, for
30 min. After staining with Hoechst 33342 (0.15 pg/mL), the content of pPDNA was
determined using fluorescence spectrophotometer (excitation/emission wavelengths:
354/458 nm, respectively). The cumulative amount of released pDNA from the liposomes
was then calculated.

2.8 Blood compatibility study

Hemolytic activity of liposomal formulation was assessed /n vitro to estimate compatibility
of liposomes with blood. Erythrocytes were harvested from freshly withdrawn blood of
Sprague-Dawley rats followed by centrifugation at 1,500 rpm for 10 min and washed three
times with PBS, pH 7.4, 10 mM CaCls. The erythrocyte solution (2% v/v) was incubated
with negative control (PBS), positive control (Triton X-100 1% v/v) or liposomal
formulations (31.25-1000 pM) for 1 h at 37 °C, 5% CO,. Thereafter, cell suspension was
centrifuged at 1,500 rpm for 10 min. The supernatants were then removed and the
absorbance of released hemoglobin was measured using a spectrophotometer at 540 nm.
Percent hemolysis was calculated considering the absorbance in the presence of Triton
X-100 as 100%.

2.9 Cell culture

Primary astrocytes and primary neuronal cells were isolated from 1-day old rats (Sumners
and Fregly, 1989). Briefly, the meninges were removed from the dissected brains. Minced
brains were incubated with DMEM containing 0.25% trypsin and DNase | (8ug/mL) at
37 °C. Cells were isolated and cultured in DMEM with 10% v/v fetal bovine serum (FBS)
and 1% v/v penicillin streptomycin fungizone (Psf). Primary neuronal cells were obtained
after treatment with 10 UM cytosine arabinoside on day 3. The purity of cell cultures was
tested by respectively). immunostaining for glial fibrillary acidic protein (GFAP) and anti-
MAP2 antibody and the cultures were considered ideal when they consisted of >80%
astrocytes or primary neuronal cells. bEnd.3 cells obtained from ATCC (Manassas, VA,
USA) were cultured in DMEM 10% v/v FBS and 1% v/v Psf. Cells were incubated in
atmosphere of 5% CO, at 37 °C.

2.10 Cytotoxicity assay

Cytotoxic potential of liposomal formulations (Plain-, Tf-, Pen-, or PenTf-liposomes) were
evaluated in bEnd.3 cells, astrocytes and primary neuronal cells using MTT assay (Layek
and Singh, 2013b; Sharma et al., 2012). All cell lines were plated in 96-well plates (1x10%
cells/well), 24 h prior to the assay. Cells were exposed to liposomal formulations at different
phospholipid concentrations (100, 200, 400 and 600 nM) in serum free media during 4 h.
After incubation, the media was replaced and cells incubated for a total of 48 h. Cell
viability was evaluated by adding 10 uL MTT (5 mg/mL) to each well. After 3 h of
incubation, MTT solution was removed and the formazan crystals were solubilized in
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dimethyl sulfoxide. The absorbance was measured at 570 nm. Control group consisted of
untreated cells.

2.11 Cellular uptake study

Cellular uptake of Dil-labeled liposomes was evaluated in bEnd.3, astrocytes and primary
neuronal cells. About 5x10° cells/well were seeded in 24-well plates, 24 h prior to uptake
analysis. Cells were incubated with liposomal formulation (100 nM) and the uptake was
investigated at different time intervals. Following liposomal uptake, cells were rinsed with
PBS (pH 7.4). Cellular uptake was analyzed using fluorescence microscope (Leica DMis8,
IL, USA) and quantitative estimation of liposomal uptake was performed by lysis of cells in
Triton-X 100 (0.5% v/v) followed by fluorescent dye extraction in methanol. Fluorescence
intensity was measured using spectrophotometer (excitation/emission wavelength: 553/570
nm, respectively).

2.12 Uptake mechanism

2.13

In order to elucidate the mechanisms associated with cellular uptake, bEnd.3, astrocytes and
primary neuronal cells were seeded in 24-well plates (5x10° cells/well), 24 h prior to the
experiment. Cells were treated with well-known endocytosis inhibitors such as sodium azide
(10 mM) to inhibit all energy-dependent endocytosis, chlorpromazine (10 pg/mL) to block
clathrin-mediated endocytosis, colchicine (100 pg/mL) to prevent caveaolae formation or
amiloride (50 pg/mL) to inhibit macropinocytosis for 30 min at 37 °C before application of
Dil-labeled liposomes (100 nM)(Layek et al., 2014). Cellular uptake was analyzed after 4 h
using fluorescence microscope and fluorescence intensity was measured using
spectrophotometer.

In vitro transfection efficiency

The transfection potentials of liposomal formulations loaded with pGFP or ppgal were
evaluated in bEnd.3, astrocytes and primary neuronal cells. About 1x10° cells/well were
seeded in 6-well plates, 24 h prior to transfection analysis. Liposomal formulations (100
nM) containing either chitosan-pGFP, or chitosan-ppgal complexes (1pg), were added to the
cells in serum-free medium. After 4 h, the media was replaced and cells incubated for a total
of 48 h. Cellular GFP expression was analyzed using fluorescence microscope, and
quantitative evaluation was performed using FACS analysis-Accuri C6 flow cytometer (Ann
Arbor, MI, USA) at excitation wavelength 488 nm and emission wavelength using optical
filter FL1 533/30 nm. B-galactosidase activity was quantified using pgal assay kit (Promega,
Madison, WI, USA). Cells were lysed using pgal assay buffer and incubated with substrate
for 60 min at 37 °C. Addition of sodium carbonate stopped the reaction and the absorbance
was measured at 420 nm.

2.14 Endosomal escape

Enhancement in transfection efficiency due to endosomal escape was evaluated in bEnd.3
cells. About 5x10° cells/well were seeded in 24 well-plates, 24 h prior to the assay.
Thereafter, cells were treated with 50 mM sucrose (a lysosomotropic agent) and liposomal
formulations containing 1 pg pGFP (Ciftci and Levy, 2001). After a 4 h incubation, the
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media was replaced and cells were incubated for a total of 48 h. Cellular GFP expression
was analyzed using fluorescence microscope and flow cytometer.

2.15 Data analysis

Four independent experiments were performed, and all data expressed as mean + standard
deviation (S.D.). Statistical analysis was performed using one-way analysis of variance
(ANQVA) followed by Tukey multiple comparison post-hoc test (GraphPad Prism version
5.0). Differences were considered statistically significant for p values lower than 0.05.

3. Results

3.1 Characterization of liposomes

Coupling efficiencies of Pen with PEG-lipid and Tf with PEG-lipid were found to be
90.1+9.4% and 71.7+3.9%, respectively. On the other hand, incorporation of Tf into Pen-
liposomes surface to form PenTf-liposomes was found to be 94.9+5.4%. Plain-, Tf-, Pen-
and PenTf-liposomes loaded with pGFP or ppgal had similar average diameter (155-165
nm), with no significant difference in size between all formulations, as illustrated in Table 1.
Furthermore, the formulations had small size distribution (PDI < 0.2), demonstrating
tendency for monodispersity and lack of aggregation, suggesting stability. The preparation of
nanocarriers with homogeneous particle size and low size distribution is essential for
development of efficient and stable delivery systems (Danaei et al., 2018).

Despite being positively charged, the liposomal formulations exhibited differences in zeta
potential which indicate that surface modification influence the charge of nanoparticles. In
these formulations, the cationic lipid DOTAP may have contributed to positive zeta potential
of Plain-liposome, Pen-liposome and PenTf-liposome. Conversely, the lower zeta potential
of Tf-liposomes could be attributed to the presence of negatively charged protein on the
surface of liposomes. The overall charge of Pen conjugated liposomes was positive. The
balance between the positive charge of Pen and the negative charge of Tf probably led to
overall positive zeta potential of PenTf-liposome.

3.2 Plasmid DNA affinity test

The formation of chitosan-pDNA complexes was evaluated using EtBr exclusion assay and
confirmed by agarose gel retardation assay. Naked pGFP and naked ppgal were used as
positive controls. EtBr intercalates with plasmid base pairs resulting in significant increase
in fluorescence intensity. When the plasmid complexes with chitosan, the EtBr-plasmid
intercalation is prevented, reducing the fluorescence intensity(Madeira et al., 2011).
Therefore, a decrease in fluorescence intensity indicates chitosan plasmid interaction. The
polyplexes were prepared at different N/P ratios to investigate the optimal concentration of
chitosan required to complex completely with pDNA while still being able to dissociate
from the chitosan inside the cells. High ratios of chitosan-plasmid can result in very stable
complexes, which will not dissociate easily inside the cells, compromising transfection
efficiency. As shown in the Figure 2a, EtBr fluorescence decreased as chitosan-plasmid N/P
ratio increased and a significant reduction of up to 20% fluorescence was observed at N/
P=5, for both chitosan-pGFP and -ppgal complexes. The reduction of EtBr fluorescence at
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N/P=10 and 20 were not significantly different compared to N/P=5. This pattern of
fluorescence reduction was similar for both plasmids. Complex formation was confirmed
using gel electrophoresis, where light bands of pGFP (Figure 2b) and ppgal (Figure 2c) were
observed at N/P= 1, but no bands were observed at higher N/P ratios, for both plasmids. The
electrostatic interaction of chitosan and plasmids lead to formation of polyplexes which
migrate slower than uncomplexed free DNA during gel electrophoresis. Based on this data, a
N/P=5 was chosen for preparation of chitosan-pDNA complexes.

3.3 Encapsulation efficiency and DNase | protection assay

Encapsulation efficiencies above 80 % was obtained for Plain-, Tf-, Pen- and PenTf-
liposomes loaded with pGFP or pgal and they were not affected significantly by liposome
surface modifications, as shown in Table 2. A suitable gene delivery system should not only
transport the therapeutic genes to the target cells, but also protect them against enzymatic
degradation. Free DNA is vulnerable to DNase degradation and nanocarriers can potentially
protect the encapsulated therapeutic molecules(Zylberberg et al., 2017). The ability of
liposomal formulations containing chitosan-pGFP or chitosan-ppgal complexes to protect
pGFP and ppgal against enzymatic degradation was compared to free pPDNA. Naked pGFP
(Figure 3a, lane b) and ppgal (Figure 3b, lane b) were fully degraded upon incubation with
DNase I, while pDNA encapsulated in liposomal formulations remained intact as shown by
presence of bright bands, suggesting that all liposomal formulations could effectively protect
the pDNA from enzymatic degradation.

3.4 Invitro release of pDNA

The cumulative release profile of pGFP (Figure 4a) and ppgal (Figure 4b) from the
liposomal formulations were monitored at 37 °C for 24 h in phosphate buffer containing 5%
FBS. Plasmid GFP was continually released in the first 8 h from all formulations that
amounted to 22% cumulative release from Plain-, Pen- and PenTf-liposomes and 29% from
Tf-liposomes. On the other hand, approximately 28% of ppgal was released from Plain-, Tf-
and Pen-liposomes in 8 h and 32% from PenTf-liposomes. After 8 h, the liposomal
formulations exhibited a relatively slow release profile. The release rates of pGFP from
Plain-, Tf-, Pen- and PenTf-liposomes were 37.3+£0.4%, 42.2+0.8%, 29.9+2.7%, 29.4+2.3%,
respectively after 24 h while that for ppgal from Plain, Tf-, Pen and PenTf-liposomes were
36.2+0.8%, 35.4+1.6%, 35.2+0.5% and 40.6+0.9%, respectively.

3.5 Blood compatibility

Evaluation of interaction of liposomal formulations with blood cells can help examine
possible undesirable effects after systemic administration /n vivo. The interaction of cationic
liposomes with negatively charged membrane of blood cells can cause erythrocyte lysis and
release of hemoglobin(Sharma et al., 2013). Determination of hemolytic activity of
liposomal formulations demonstrated a low cytotoxic potential with no significant negative
impact on erythrocytes at lipid concentrations up to 500 nM (Figure 5). However, the
hemoglobin release was concentration dependent and at highest phospholipid concentration
of 1,000 nM the Plain-, Tf-, Pen- and PenTf-liposomes caused 8.2+0.5%, 8.6+0.8%,
9.9+0.8%, 8.7+0.8% hemolysis, respectively. Particularly, Pen-liposomes exhibited
significantly (p<0.05) higher hemolysis percentage compared to Plain-liposomes at 1,000
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nM. In general, formulations with /n vitro hemolysis percentage less than 5% is considered
within the critical safe hemolytic level for biomaterials according to ISO/TR 7406(L.i et al.,
2012). Hemolysis percentage of 5% was observed at 500 nM phospholipid concentration for
Pen- and PenTf-liposomes, while lower values (4.5% and 4%) were observed for Tf- and
Plain-liposomes, suggesting good compatibility of the liposomes with blood at phospholipid
concentrations <500 nM.

3.6 Cytotoxicity

Cellular viability after treatment for 4 h with different liposomal concentrations (100, 200,
400 and 600 nM) was studied in bEnd.3 (Figure 6a), astrocytes (Figure 6b) and primary
neuronal cells (Figure 5c¢). The cytotoxicity was concentration-dependent in all cell lines
studied. Cell viability did not significantly decrease at 100 nM phospholipid concentration
and more than 90% cells survived till the end of study at 4 h. However, at 600 nM
phospholipid concentration, cell survival decreased significantly to approximately ~68% in
all three cell lines. These results demonstrate the low cytotoxic potential of liposomal
formulations at 100 nM phospholipid concentration, which was chosen for subsequent
experiments.

3.7 Cellular uptake and its mechanism

Cellular uptake of liposomes was investigated in bEnd.3, astrocytes and primary neuronal
cells at different time intervals. Maximum liposome uptake was observed in bEnd.3 cells in
4 h (Figure 7a) and an increase in incubation time to 6 h led to no significant difference in
the uptake. For this cell line, the average uptake of Plain-, Tf-, Pen- and PenTf-liposomes
after 4 h was ~78%, while that after 6 h was not of significantly different at 81%. Based on
this information, the uptake in other cells lines was subsequently investigated for up to 4 h.
As shown in the Figure 7a (bEnd.3), 7b (astrocytes) and 7¢ (primary neuronal cells), uptake
amounts gradually increased from 0.1 h and reached optimal levels at 4 h, which was
significantly higher for all formulations compared to other time points (p<0.001) in all the
three cell lines tested. Particularly, the internalization of PenTf-liposomes was significantly
higher (p<0.001) compared to Plain-, Tf- and Pen-liposome in bEnd.3 cells at 4 h.
Furthermore, the percent uptake of Plain, Tf-, Pen- and PenTf-liposomes in bEnd.3 cells at 4
h was significantly greater (p<0.001) than respective liposomal formulations in astrocytes
and primary neuronal cells.

However, carrier internalization can involve different active and passive uptake mechanisms.
To investigate this, various endocytosis inhibitors were used that selectively block different
active uptake endocytosis routes. Figures 7d (bEnd.3), 7e (astrocytes), and 7f (primary
neuronal cells) depict the relative liposomal uptake percentages after pre-treatment with
endocytosis inhibitors (sodium azide, chlorpromazine, amiloride and colchicine). The
depletion of intracellular ATP by pre-incubation of cells with sodium azide led to a
substantial reduction in cellular internalization of liposomal formulations. Liposomal uptake
of bEnd.3, astrocytes and primary neuronal cells were ~35.5%, corresponding to about 50%
suppression in uptake as compared to liposomal uptake of untreated (control) cells at 4 h.

Int J Pharm. Author manuscript; available in PMC 2020 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

dos Santos Rodrigues et al. Page 11

In order to determine whether this energy-dependent uptake mechanism involved any
specific endocytic pathway, the cell lines were pretreated with other specific inhibitors as
well. Chlorpromazine is a well-known inhibitor of clathrin-mediated endocytosis. Pre-
treatment of cells with this drug caused significant reduction in liposomal uptake in all cell
lines, however different extent of inhibition was observed amongst different liposomal
formulations. The uptake of liposomes without surface modifications (Plain-liposomes) was
reduced by ~27% in all cell lines, while the reduction of uptake of Tf-, Pen- and PenTf-
liposomes were ~47%, ~33% and ~47%, respectively compared to control cells.
Macropinocytosis blockage was induced by pretreating cells with amiloride, which
significantly reduced liposomal uptake by 32% in bEnd.3 cells, compared to uptake of non-
treated cells. Amiloride pre-treatment also caused specific reduction in uptake of each
liposomal formulation in astrocytes and primary neuronal cells. The reduction observed for
Plain-, Tf, Pen and PenTf-liposomes in both cells were about 18%, 27%, 26% and 33%,
respectively, compared to control cells. Pre-treatment with colchicine, which is a caveolae-
endocytosis inhibitor, decreased the internalization of liposomal formulations by 33% in
bENd.3 cells, 24% in astrocytes and 23% in primary neuronal cells, compared to control
cells. Fluorescence microscopy image analysis of the effect of endocytosis inhibitors on
uptake of liposomal formulations in bEnd.3 (Figure 8a), astrocytes (Figure 8b) and primary
neuronal cells (Figure 8c) confirmed the quantitative analysis.

3.8 Transfection efficiency

The efficiency of liposomal formulations as a gene delivery vector was evaluated in bEnd.3,
astrocytes and primary neuronal cells using pGFP and ppgal as reporter genes. The cell lines
used in these experiments comprise the BBB and therefore they can be used as a model to
evaluate the transfection in the targeted biological barrier. For this purpose, the transfection
efficiencies of various liposomal formulations were evaluated in the aforementioned cells
using a GFP reporter gene delivered either alone (no vector) or encapsulated in the
liposomal formulations. As shown in the Figure 9a, PenTf-liposomes possessed higher gene
transfection capability in bEnd.3 cells yielding 48.7% cells as GFP positive, which was
significantly higher than pGFP, Plain-, Tf- and Pen-liposomes (p<0.005). Similar pattern
was observed in astrocytes (Figure 9b) and primary neuronal cells (Figure 9c). In astrocytes
and primary neuronal cells, the highest level of transfection efficiency was demonstrated by
PenTf-liposome at 38.8% and 23.2% respectively, which were significantly higher than
pGFP, Plain-, Tf- and Pen-liposomes (p<0.05). Fluorescence microscopy images of cells
treated with liposomal formulations confirmed the higher fluorescence observed with PenTf-
liposomes (Figure 9d).

Bgal reporter gene was also used to determine transfection efficiencies in the aforementioned
cells. The transfection efficiency of liposomes loaded with ppgal followed similar pattern as
that observed with pGFP. PenTf-liposomes containing ppgal induced a 10-fold enhancement
in gene expression in bEnd.3 cells (Figure 10a) compared to cellular basal levels and it was
significantly higher compared to the other liposomal formulations (p<0.001). On the other
hand, pgal expression in astrocytes treated with PenTf-liposome was 6-fold enhanced
compared to cellular basal levels, and it was also significantly (p<0.005) higher than the
other liposomal formulations, as shown in Figure 10b. In primary neuronal cells, PenTf-
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liposomes induced a 2-fold enhancement in Bgal expression compared to cellular basal
levels (Figure 10c), and it was significantly higher than Tf- and Plain-liposomes (p<0.05).

3.9 Endosomal escape

Endosomal escape of formulations in bEnd.3 cells was investigated by treating the cells with
sucrose, a lysosomotropic agent that causes osmotic inflow of water into lysosomes, thereby
reducing nuclease-mediated degradation(Ciftci and Levy, 2001). Enhancement in
transfection efficiency by sucrose was quantified using a GFP reporter gene. As shown in
Figure 11a, transfection efficiencies in bEnd.3 cells treated with sucrose and pGFP, Plain-,
Tf-, Pen- or PenTf-liposomes were 1.3+0.1%, 16.0+1.6%, 16.6+0.8%, 27.2+7.8% and
48.6+12.8%, respectively. Significant enhancement in transfection in bEnd.3 cells treated
with Plain-liposomes + sucrose was observed compared to Plain-liposomes without sucrose,
as evident by the increased fluorescent signal produced in the cells. In contrast, other
treatment groups (pGFP, Tf-, Pen and PenTf-liposomes + sucrose) did not enhance the
transfection efficiency in bEnd.3 cells significantly compared to the respective treatments
without sucrose. As earlier observed, PenTf-liposomes showed higher capacity to transfect
bENd.3 cells irrespective of presence of sucrose compared to the other liposomal
formulations. Fluorescence microscopy images of cells treated with liposomal formulation
expressing GFP confirmed the quantitative analysis (Figure 11b).

4. Discussion

The need for more efficient approaches to treat different diseases, especially
neurodegenerative diseases has led to significant improvements in drug delivery technology.
Liposomes can be structurally modified to adjust their properties according to the desired
function (Safari and Zarnegar, 2014). Effective carriers for treatment of neurodegenerative
diseases should be able to cross the BBB, the major obstacle for delivering therapeutic
genes, and reach the nucleus of neuronal cells (Bergen et al., 2008). Based on the abundant
expression of transferrin receptors on BBB, these receptors have been extensively studied as
a potential brain drug delivery target. Several reports have focused on Tf receptors as a brain
targeting moiety and have demonstrated effective delivery to the brain using Tf-targeted
nanoparticles, which rely on transcytosis of the complexes and encapsulated cargo (Girdo da
Cruz et al., 2005; Girdo Da Cruz et al., 2004; Johnsen et al., 2017; Lee et al., 2000; Liu et
al., 2017; Zheng et al., 2015). Nonetheless, additional challenges exist in the development of
brain delivery systems that includes receptor saturation, inefficient cellular uptake, inability
to escape the endosome and formulation toxicity. To this end, we rationally designed
liposomal nanoparticles capable of not only targeting BBB and efficiently transfecting
neuronal cells but also protecting the plasmid DNA and assisting in its endosomal escape.
Surface modification with Tf protein was used for targeting the brain endothelial cells,
which comprise the BBB, while conjugation to Pen was intended to improve liposome
internalization into cells, in the event of Tf receptor saturation. Stealth properties were
instilled by incorporation of DSPE-PEG phospholipid into liposomal surface and
improvement in gene transfection through endosomal escape was achieved by complexation
of pDNA to low molecular weight chitosan.
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Chitosan is a polymer widely used in drug delivery for its ability to protect molecules
against enzymatic degradation and promote transfection. It has been shown that transfection
properties of chitosan depends on its high buffering capacity in the endosomal pH range
(4.5-6.5), which mediate endosomal escape by the proton-sponge effect (Mansouri et al.,
2004; Saikia and Gogoi, 2015). Different chitosan-plasmid N/P ratios can affect the stability
of chitosan-DNA complex, which can influence plasmid delivery into cells and
consequently, cellular transfection. Determination of optimal chitosan-plasmid ratio is
therefore critical for protecting plasmids against enzymatic degradation while allowing its
release in the intracellular space for subsequent cell transfection. The strong electrostatic
interaction between chitosan and DNA, drives gene packing and protection (Lavertu et al.,
2006). Depending on nitrogen to phosphate (N/P) charge ratio, chitosan can condense DNA
to sizes compatible for cellular uptake and the steric protection afforded thereof, can prevent
nucleases from accessing the DNA (Mao et al., 2010). In the present study, EtBr assay
together with agarose gel electrophoresis suggested that chitosan-plasmid interactions
increased upon increasing N/P ratio and N/P of 5 was the optimal ratio for this study.

Design of stable liposomal carriers with targeting ligands requires a broader understanding
of the target site in order to maximize therapeutic efficacy (Zylberberg et al., 2017).
Physicochemical properties are critical determinants of the abilities of delivery systems to
overcome the biological barriers. Therefore, a proper characterization of liposomes not only
enables determination of their delivery potentials, but also their safety profiles and
transfection properties (Balbino et al., 2012). The liposomal formulations were synthesized
by thin-lipid film and post-insertion methods generating consistent particle size, positive
zeta potential and high pDNA encapsulation efficiency, which were in accordance with other
studies utilizing multifunctionalized liposome-based delivery systems (Chen et al., 2016;
Michel et al., 2017; Sharma et al., 2012). Despite the limited permeability of BBB,
functionalization of liposomes have shown to be essential for efficient penetration of
nanoparticles with size below 200 nm into brain (Chen et al., 2016; dos Santos Rodrigues et
al., 2018; Ordofez-Gutiérrez et al., 2016). Additionally, cationic liposomes may facilitate
electrostatic interaction to cell membrane and consequent cellular uptake (Fréhlich, 2012).

The induction of specific gene modification requires stable gene delivery system, which
enables high cellular uptake, protection from enzymatic degradation as well as pDNA
release from the endosome and transport to cell nucleus (Ibraheem et al., 2014; Zylberberg
etal., 2017). /n vitro experiments demonstrated that the liposomal formulations could not
only encapsulate pDNA efficiently but also thwart enzymatic degradation of gene load.
Furthermore, they exhibited a sustained release kinetics /n vitrothat likely contributed to
enhanced transfection efficiency by providing time for the carriers to reach neuronal cells
and release pDNA.

However, effectiveness of nanocarriers is contingent upon its interactions with other cells
and proteins in biological systems that dictate their distribution, elimination fate as well as
biocompatibility (Dlizgiines and Nir, 1999). Despite synthesis using biocompatible
phospholipids, liposomes can cause /n vitro and /n vivo toxicity. Cationic carriers can
interact electrostatically with the negatively charged membrane of red blood cells causing
their lysis (Ju et al., 2016; Qi et al., 2016; Roursgaard et al., 2016). Therefore,
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hemocompatibility studies were performed to obtain information about the systemic safety
of the synthesized liposomes. Liposomal formulations were found to be non-hemolytic even
at high phospholipid concentrations. Pen-liposomes exhibited a more cytotoxic profile and
induced higher levels of hemolysis compared to the other liposomal formulations. This
could be attributed to the cationic character of Pen that may have enhanced Pen-liposome
interactions with erythrocytes and, consequently induced their lysis. In general, the low
hemolytic potential of liposomes demonstrated good biocompatibility of the formulations.
These results were in accordance with findings obtained from other hemolysis studies using
modified liposomes, which suggest that phospholipid composition and concentration
influences their hemolytic potential (Michel et al., 2017; Mourtas et al., 2009; Sharma et al.,
2013). Cytotoxicity studies confirmed that liposomal formulations do not affect cell viability
in low phospholipid concentrations, as has been previously reported by other researchers
using bEnd.3, astrocytes and PC-12 cells treated with multifunctionalized nanoparticles
(Sanchez-Lépez et al., 2016; Zheng et al., 2016). It is to be noted that low cytotoxic profile
is a highly desired property for gene carriers.

Cellular internalization of cationic liposomes occurs mainly due to electrostatic interactions
with cell membranes and multiple strategies have been used to further enhance liposome
cellular uptake (Obata et al., 2009; Sharma et al., 2012; Shim et al., 2013). In this study,
liposomal formulations followed a time-dependent uptake reaching significant amounts at 4
h. Quantification of percent uptake demonstrated that liposome internalization is slower in
astrocytes and primary neuronal cells compared to bEnd.3 cells. PenTf-liposomes exhibited
significantly higher internalization in bEnd.3 cells at 4 h compared to the other liposomal
formulations; however this was not observed in astrocytes and primary neuronal cells. One
possible reason for the differences in uptake amongst the cells may be due to individual
cellular characteristics (Maila Nder and Landfester, n.d.). Expression of specific genes by
primary cells and cell lines can generate different cellular phenotypes and functions, which
may dictate individual uptake properties for instance (Alge et al., 2006; Maurisse et al.,
2010; Pan et al., 2009). Secondly, the incubation period used in the experiment may have
allowed time for non-specific liposome-cell interactions and liposome internalization. Our
findings support previous reports showing time dependent cellular uptake of liposomal
formulations (Kang et al., 2017). Liposome surface modification, specially CPP and Tf
targeted-liposomes, have demonstrated to be key factors in enhancing cellular uptake (Girdo
Da Cruz et al., 2004; Zheng et al., 2015).

Many reports on cellular uptake have suggested that non-viral gene carriers are
preferentially internalized v7a endocytosis. Different pathways are involved in carrier uptake,
which depends on the cell type and carrier characteristics including particle size, surface
charge and surface modifications (Kang et al., 2017; Mail&d Nder and Landfester, n.d.;
Salatin and Yari Khosroushahi, 2017; Yameen et al., 2014). Therefore, assessment of
endocytic pathway in liposomal uptake can help elucidate intracellular processing and
subsequent transfection efficiency. Due to the cationic nature of liposomal formulation and
the abundance of negatively charged moieties on cell surface, high levels of electrostatic
interactions were expected. Our results suggested that internalization of liposomal
formulations occurred through multiple mechanisms especially energy-dependent pathways
such as macropinocytosis, clathrin- and caveolae-mediated endocytosis. ATP depletion
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induced in the cell lines by sodium azide demonstrated that liposomal uptake involved
endocytosis, however, incomplete uptake suppression suggested that passive transport might
be occurring simultaneously. Participation of caveolae and macropinocytosis in the uptake
process of liposomal formulations in bEnd.3, astrocytes and primary neuronal cells were
also observed by pretreating cells with colchicine and amiloride, respectively. On the other
hand, inhibition of clathrin-mediated endocytosis by chlorpromazine resulted in differential
extent of uptake in each formulation. Clathrin-coated vesicles based internalization was
observed to be the main route of uptake of PenTf-liposomes. These observations are in
accordance with the known endocytosis pathway of Tf-TfR complex and with studies that
investigated the uptake of Tf-conjugated liposomes in various cell lines (Anabousi et al.,
2006; Johnsen et al., 2017; Liu et al., 2017; Voinea et al., 2002), thereby emphasizing the
role of Tf ligand in liposomal uptake. Penetratin conjugation also assisted liposomal-cell
interaction and subsequent internalization, therefore contributing to the liposome uptake
through multiple pathways. The involvement of different routes (Kang et al., 2017) and
participation of surface modification such as Pen in uptake of multifunctionalized liposomes
have been commonly reported (Console et al., 2003; Tseng et al., 2002). Indeed, cell type
and nanoparticle characteristics can together influence cellular uptake and the pathways of
uptake.

The respective transfection efficiencies of bEnd.3, astrocytes and primary neuronal cells
were established using GFP and Bgal as reporter genes delivered either alone or
encapsulated in liposomes. The liposomal formulations demonstrated the ability to
efficiently deliver genes and transfect bEnd.3 cells, astrocytes and primary neuronal cells. A
comparison of the percent transfection of DNA alone or encapsulated in different liposomal
formulations showed higher transfection of both plasmids in bEnd.3 cells compared to
astrocytes or primary neuronal cells. This suggests that bEnd.3 cells may be internalizing
liposomes, trafficking them to nucleus and transcribing the DNA more efficiently than
astrocytes and primary neuronal cells. This was also observed in uptake studies, where
bENd.3 cells demonstrated greater ability to take up liposomal formulations.

Transfection efficiency in neuronal cells has been reported to be low but it can be
significantly improved using dual-modified targeted liposomes compared to unmodified
liposomes (Girdo Da Cruz et al., 2004). In line with published literature, our findings
demonstrated more efficient transfection of cells using bifunctional liposomes (PenTf-
liposomes) compared to Plain-, Tf- and Pen-liposomes, in all BBB cells studied. Higher
gene delivery efficiency exhibited by PenTf-liposomes may be attributed to higher uptake of
liposomal formulations in 4 h, ability of DNA to escape the endosome and get shuttled to
cell nucleus. We believe that Pen and Tf conjugation to liposomes as well as chitosan
complexation to pDNA may have collectively worked to improve transfection efficiency
observed with PenTf-liposomes.

At the BBB, liposomes can be subjected to either direct transcytosis across brain endothelial
cells, followed by subsequent release in abluminal side or they could be taken up in
endosomes, leading to consequent enzymatic degradation and release in cell cytoplasm (Kim
et al., 2015; Yang et al., 2013). For efficient transfection, the carriers need to escape the
endosome to reach the cytoplasm and get trafficked to the nucleus. Here, evaluation of
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endosomal escape in bEnd.3 cells indicated significant effect on transfection efficiency only
with Plain-liposomes and sucrose. These results suggest that liposome surface modification
influences endosomal uptake and escape mechanisms, which contributes to improved
transfection efficiency observed with surface modified liposomes. This observation is in
agreement with cellular internalization and lysosomal escape studies that were conducted
using liposomes dually modified with Tf ligand and a CPP in glioma C6 cells (Zheng et al.,
2015). Varkouhi et. al. also suggested that CPPs including Pen are involved in liposome
endosomal escape, highlighting their importance as endosomal escape agents (Varkouhi et
al., 2011). Therefore, we believe that the enhanced transfection in bEnd.3 cells treated with
PenTf-liposomes could have also resulted due to participation of Pen in endosomal escape.
Moreover, chitosan-pDNA polyplexes might be synergistically involved in endosomal
escape process and provide additional pDNA protection against endosomal degradation
through proton sponge effect(Huang et al., 2005). These results cannot directly predict the /n
vivo performance of the liposomes and animal studies are necessary to determine efficacy of
the formulation, which are being planned. However, through these studies, we demonstrate
that bifunctional PenTf-liposomes with chitosan are ideal gene delivery vectors that provide
protection to pDNA against enzymatic degradation, while possessing low cytotoxicity and
high transfection efficiencies.

Actively targeting transferrin receptors using transferrin functionalized liposomes has been
shown as an efficient strategy for gene delivery to the brain. However, the efficiency of
transferrin-liposomes can be limited due to saturation of transferrin receptor (Qian, 2002),
which was overcome by attaching penetratin on liposome surface. This system showed
efficient cellular internalization and endosomal escape properties that resulted in transfection
enhancement. Therefore, dual-targeting liposome gene delivery system can potentially
provide better brain targeting ability and therapeutic efficacy for treatment of
neurodegenerative diseases.

5. Conclusions

The designed PenTf-liposomes were found to be efficient in transfecting different cell lines,
especially primary neuronal cells. The mechanism that mediated liposome internalization
can be characterized mainly as an energy-dependent process involving different pathways
with an emphasis on clathrin-mediated endocytosis probably relating to TfR. The ability of
liposomal formulations to escape the endosome can play an important role in transfection
efficiency. Overall, the studies indicate that PenTf-liposomes hold great promise as an
efficient gene carrier to the brain.
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Preparation of liposomes: Schematic represents formation of brain targeted dual modified

liposomes encapsulating pDNA/chitosan complex.
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Fig. 2.
Binding affinity of plasmid DNA to chitosan. (a) Relative fluorescence of chitosan-pGFP

and chitosan-ppgal complexes in different N/P ratios (1, 2, 3, 4, 5, 10 and 20). Data
expressed as mean + SD (n=4). (b) Agarose gel electrophoresis of chitosan-pGFP and (c)
chitosan-ppgal complexes in different N/P ratios (1, 5, 10, 15 and 20). Naked pGFP and
naked ppgal were used as controls.
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Fig. 3.
Protective effect of liposomal formulation containing pDNA against nuclease degradation.

(a) Liposomal formulations containing chitosan-GFP (N/P 5). Lane a, naked pGFP; lane b,
naked pGFP+DNase I; lanes c-f, Plain-, Tf-, Pen-, and PenTf- chitosan-GFP liposomes,
respectively + DNase I. (b) Liposomal formulations containing chitosan-Bgal (N/P 5). Lane
a, naked ppgal, lane b naked ppgal+DNase I, lane c-f, Plain-, Tf-, Pen-, PenTf- chitosan-
Bgal liposomes, respectively, + DNase 1.
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Cumulative release of pDNA from liposomes at N/P ratio 5 for up to 24 h containing (a)
pGFP-chitosan and (b) ppgal-chitosan. Data expressed as mean + SD (n=4).
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Hgmolytic activity of Plain-, Tf-, Pen- and PenTf-liposomes at different phospholipid
concentrations (31.25-1000 nM) in erythrocyte solution (2% v/v) after 1 h of incubation at
37 °C. Hemolytic activity of 1% v/v Triton X-100 was considered as 100% hemolysis. Data
expressed as mean = SD (n=4). Significantly higher hemolysis was observed with Pen-
liposomes compared to Plain-, Tf- and PenTf-liposomes (***p<0.001).
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primary neuronal cells after 4 h of incubation. Cell viability was determined by MTT assay.
Data expressed as mean = SD (n=4).
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Cellular uptake in (a) bEnd.3, (b) astrocytes and (c) primary neuronal cells treated with
Plain-, Tf-, Pen- and PenTf-liposomes for 0.1, 0.25, 1 and 4 h. Data expressed as mean + SD
(n=4). Significantly higher uptake of liposomes in all cells was observed at 4 h (***
p<0.001) compared to 0.1, 0.25, 0.5 and 1 h. Significantly higher uptake of PenTf-liposomes
in bEnd.3 cells was observed at 4 h (### p<0.001) compared to uptake of Plain-, Tf- and
Pen-liposome at 4 h. Effect of chemical inhibitors on uptake of Plain-, Tf-, Pen- and PenTf-
liposomes in (d) bEnd.3, (e) astrocytes and (f) primary neuronal cells at 4 h. Data expressed
as mean + SD (n=4). Statistically significant uptake (p<0.001) compared to sodium azide
treatment is represented as ***.
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Fluorescence images of the effect of chemical inhibitors (sodium azide, chlorpromazine,
amiloride and colchicine) on uptake of Plain-, Tf-, Pen- and PenTf-liposomes in (a) bEnd.3,

(b) astrocytes and (c) primary neuronal cells at 4 h (Scale bar: 100 pm).
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GFP expression levels 48 h after transfection in (a) bEnd.3 cells, (b) astrocytes and (c)
primary neuronal cells treated with Plain-, Tf-, Pen- and PenTf-liposomes containing pGFP
(1ug). Data expressed as mean + SD (n=4). Statistically significant (p<0.05) differences are
shown as (*) with pGFP, (#) with Plain-lip, (1****) with Tf-lip and (¥) with Pen-lip. (d)
Fluorescence microscopy images of GFP expression in bEnd.3, astrocytes and primary
neuronal cells treated with Plain-, Tf-, Pen- and PenTf-liposomes containing pGFP (Scale
bar: 100 um).
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(c) primary neuronal cells treated with Plain-, Tf-, Pen- and PenTf-liposomes containing
ppgal (1pug). Data expressed as mean = SD (n=4). Statistically significant (p<0.05)

differences are shown as (*) with control, (#) with Plain-lip, (t****) with Tf-lip and (¥) with

Pen-lip.
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Assessment of ability of liposomes to escape endosome. (a) GFP expression levels 48 h after
transfection in bEnd.3 cells treated with or without 50 mM sucrose and Plain-, Tf-, Pen- or
PenTf-liposomes containing pGFP (1ug). Data expressed as mean + SD (n=4). Statistically
significant (p<0.05) differences are shown as (*) with Plain-lip, (#) with pGFP+sucrose and
(T) with Plain-lip+sucrose, Tf-lip+sucrose and Pen-lip+sucrose. (b) Fluorescence
microscopy images of GFP expression in bEnd.3 cells treated with or without 50 mM
sucrose and Plain-, Tf-, Pen- or PenTf-liposomes containing pGFP (Scale bar: 100 pm).
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Table 1:

Characteristics of Liposome-pDNA: particle size, zeta potential, PDI

Liposomes Particle size (nm) PDI? Zeta potential (mV)
Plain-liposome
pGFP 158.1+1.55 0.084+0,04 17.8+1.93
Ppgal 157.7+2.93 0.118+0,03 31.9+1.36
Tf-liposome
pGFP 156.2+1.91 0.113+0.04 10.6+1.20
Ppgal 164.2+5.84 0.137+0.01 9.41+0.18
Pen-liposome
pGFP 157.7+2.12 0.075+0.03 24.7+2.81
Ppgal 156.9+1.97 0.126+0.04 23.3+0.93
PenTf-liposome
pGFP 155.9+5.84 0.038+0.02 32.5£1.25
Ppgal 156.2+1.84 0.085+0.06 19.5+1.22

Data are presented as mean + SD from four different preparations.

%o1: polydispersity index
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Liposome-pDNA encapsulation efficiency

Table 2:

Encapsulation Efficiency

Plain-liposome  Tf-liposome  Pen-liposome
pGFP  87.1#3.17%  84.248.03%  85.3+8.71%
ppgal 87.9+3.23%  94.9+0.86%  87.2+1.89%

PenTf-liposome
86.4+£3.56%
90.7+6.82%
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