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A B S T R A C T

Despite the demonstrated effectiveness of nano-materials for drug delivery to the brain, a comprehensive un-
derstanding of their transport processes across the blood brain barrier (BBB) remains undefined. This multidis-
ciplinary study aimed to gain an insight into the transport processes across BBB, focusing on the transcytosis of
liposomes and the impact of liposomal pH-sensitivity. Glutathione-PEGylated pH-sensitive (GSH-PEG-pSL) and
non pH-sensitive liposomes (GSH-PEG-L) were fluorescently labelled with rhodamine-DOPE and calcein, both
impermeable to biomembranes. Following exposure to brain microvascular endothelial cells (hBMECs), the key
functional component of the BBB, intracellular trafficking were evaluated by confocal live-cell imaging. The
exocytosed liposomes, including naturally-occurring extracellular vesicles (EVs), were collected using differential
centrifugation and and characterised regarding the EV yield, morphology and EVs origin using nanoparticle
tracking analysis, transmission electron microscopy and flow cytometry. The transcytosis of liposomes through a
verified BBB model comprising of hBMECs monolayer was also quantified. GSH-PEG-L was initially retained in the
endo-lysosomes before exocytosed while packed in EVs of different sizes (<100 nm to >1 μm) while GSH-PEG-
pSL underwent endosome escape with less degree of exocytosis with more fluorescence remaining in the cyto-
plasm. Compared with the untreated, hBMECs treated with GSH-PEG-L increased the yield of nano-EV and
medium-EV by 7.9-fold and 4.6-fold, respectively. Conversely, GSH-pSL-treated cells produced 2.9-fold more
nano-EVs but 2-fold less medium-EVs than the control cells. These vesicles were CD144-positive confirming their
endothelial cell-origin. GSH-PEG-L demonstrated 2-fold higher efficiencies than GSH-PEG-pSL to cross the in vitro
BBB model via exocytosis. Taken together, GSH-PEG-L might utilize EV secretion pathway to achieve transcytosis
across brain endothelial cells of the BBB while liposomal pH-sensitivity favors cytoplasmic delivery.
1. Introduction

The highly restrictive nature of the blood brain barrier (BBB) neces-
sitates novel ‘transcellular mechanisms’ to enhance drug delivery effi-
ciency to the brain. Glutathione (GSH) modified-PEGylated liposomes
(GSH-PEG-L) have been demonstrated to facilitate GSH-receptors-
mediated brain delivery of various drugs [1–3], with efficiency propor-
tional to GSH densities [4]. In addition, lipid composition [5] and other
major factors, including size, surface charge, and drug release rate [6–8],
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has governed the brain-targeting efficiency.
Further advancement in recent years, include the use of pH-sensitive

liposomes (pSL) to enhance the delivery of chemotherapeutic agents
[9–12] to brain tumours [13–15] with advantages over the conventional
(non pH-sensitive) liposomes [16]. Most pSLs are designed to be stable in
neutral pH but destabilize in the acidic lumen of endosomes and lyso-
somes (collectively known as endo-lysosomes, pH 4.5–6.5) [17,18],
releasing its contents into cytoplasm (endosome escape) [19–23]. The
pSL containing 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)
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and cholesteryl hemisuccinate (CHEMS) could also enhance cellular
uptake and endosome escape [19]. However, despite the mounting evi-
dence for improved drug delivery efficiency with these strategies, the
comprehensive knowledge of the transport processes of liposomes across
the BBB is yet to be revealed.

In general, transport of materials across cells involves three major
phases, endocytosis, endosomal sorting, and exocytosis [24,25], which is
defined as ‘transcytosis’ [26,27]. As transcytosis is an active process, it
can overcome the hindrance of the brain microvascular endothelial cells
(BEC) of the BBB and provide a favourable transport pathway to brain.
Many studies have focused on the endocytosis liposomes [4,28,29] and
endosome escape mechanisms [30], with little or no specific studies
unveiling the exocytosis mechanism [31]. Recent research has identified
cellular mechanisms implicated in the transcytosis of polymeric and
lipid-based nanoparticles through epithelial cell (keratinocytes and
Caco-2) monolayers [32,33]. This suggested that internalised nano-
particles may be transported to the late endosomes or multivesicular
bodies (MVB) and then to lysosomes for degradation or transported along
a different pathway for exocytosis. Thus, we hypothesised that the
internalised liposomes, which tend to remain in endosomes in BECs, can
be incorporated into intralumenal vesicles of MVB and are subsequently
extruded as extracellular vesicles (EVs). On the other hand, pSL may fuse
with the endosomal membrane, releasing the payload in cytosol and
subsequently impact the transcytosis efficiency via EV secretion.

EVs are a collective term describing vesicles of varying sizes released
from various cell types including BECs [34–36], including small EVs
(sEVs), medium and large EVs. sEVs previously referred to nano-EVs, and
a subset of which is ‘exosomes’ have a diameter of less than 150 nm.
Medium EVs (mEV), also referred to as micro-vesicles, have a size range
from 150 to 1000 nm, while large EVs (such as apoptotic bodies) are
>1000 nm in diameter [35,36]. Exosomes are produced via the endo-
somal pathway, while other sEVs and mEVs are formed by outward
budding from the plasma membrane. BECs have been shown to release
EVs that can be released into the blood and their specific biomarkers can
reflect brain disorders [36]. Containing nuclear materials, lipids, and
proteins of the parent cell, EVs are also crucial regulators of cell-cell
communication by transferring content from parent cells to receipt
cells [34,37].

To test our hypothesis, and gain insights into the transport mecha-
nisms of liposomes through the BBB, in this work we examined the
cellular trafficking of GSH-PEG-liposomes (as a model of ligand-modified
liposomes) in brain microvascular endothelial cells, focusing on ‘exocy-
tosis’. We also aimed to investigate the effect of pH-sensitivity on the
transcellular transport process of liposomes. The liposomal membrane
was labelled with 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (Rh-PE), and the aqueous cores with
calcein (XLog P �3.1; MW 622.5). Both fluorescent probes were
considered to be membrane-impermeable given their extremely high
lipophilicity (Rh-PE) or hydrophilicity (calcein). Live-cell imaging tech-
nique [38,39] was employed to investigate the intracellular trafficking
and exocytosis of both liposomes in human brain microvascular endo-
thelial cells (hBMECs), the major functional component of BBB. To
evaluate exocytosis, EVs released from the liposome-treated hBMECs
were isolated using the standard differential centrifugation protocol for
natural EVs. The mEVs and sEVs fractions expected to be liposome-EV
hybrids were investigated regarding vesicle number, size, and
morphology. Finally, the transport efficiency via this pathway was
investigated using an in vitro hBMECmonolayer BBBmodel by measuring
the Rh-PE in the ‘brain side’ compartment.

2. Materials and methods

2.1. Materials

The lipids, DOPE, CHEMS, 1,2-distearoyl-sn-glycero-3-phosphocho-
line (DSPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
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cholesterol, N-(carbonyl-methoxypolyethylenglycol2000)-1,2-dipalmi-
toyl-sn-glycero-3 phosphoethanolamine sodium (mPEG-DPPE2000), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide (poly-
ethylene glycol)-2000] ammonium salt (DSPE-PEG-maleimide) and 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) as ammonium salt (Rh-PE) were purchased from Sigma-Aldrich,
Ltd. (Auckland, New Zealand). The hBMECs were purchased from Neu-
rotics (Minneapolis, USA) at the first passage. The Cluster of Differenti-
ation 144 (CD144), also known as the VE-cadherin (vascular endothelial
cadherin) antibody, was purchased from Thermo Fisher Scientific
(Auckland). Cell staining, immunofluorescence reagents, and other ma-
terials can be found in the electronic supplementary information.
2.2. Preparation and characterisation of GSH-PEG-liposomes

GSH-PEG-L and GSH-PEG-pSL with 4%GSH density were prepared by
a direct GSH conjugation of preformed liposomes as described previously
[40]. Briefly, liposomes containing DSPC:DOPE:CHEMS:cholesterol:
mPEG-DPPE2000/DSPE-PEG2000 maleimide at molar ratios of
2:4:2:2:0.1:0.4 (for GSH-PEG-pSL) or DPPC/cholesterol/mPEG-DPPE
2000/DSPE-PEG2000 maleimide at 6:4:0.1:0.4 (for GSH-PEG-L) were
prepared with thin-film hydration extrusion method before conjugation
with free GSH.

To prepare fluorescent-labelled GSH-PEG-liposomes, Rh-PE (0.3 mg
per 20 mg of lipids) was added in the lipid phase [39], while a 10 mM
calcein in 10 mM HEPES buffer (pH 7.4) solution was used as the hy-
dration medium.

The size, polydispersity index (PDI), morphology, and zeta potential
of liposomes in milli-Q water were characterised [40]. The particle
number of liposomes (particles/ml) was measured by nanoparticle
tracking analysis (NTA) using a NanoSight NS300 and the NTA software
3.0 (Malvern Panalytical, UK). Samples were prepared in triplicates, and
each sample was measured twice at 25 �C.
2.3. Cell culture

The hBMECs within 3 passages were cultured in collagen pre-coated
T25 or T75 flasks (Corning® BioCoat™ Collagen 1-coated flask, Life
Sciences, USA) containing specialised endothelial cell growth medium
(Cell Applications, USA) and maintained in a 5% CO2 humidified atmo-
sphere at 37 �C. The experiments were carried out with cells at passages
4–6.
2.4. Determination of cellular uptake of liposomes in hBMECs by confocal
microscopy

Confocal laser scanning microscopy (CLSM) was employed to observe
the effect of fusogenicity/pH-sensitivity of Rh-PE labelled GSH-PEG-
liposomes on their cellular uptake by hBMECs. Cells (3.5 � 104 cells in
700 μl of endothelial cell growth media) were seeded in a glass-bottom
Eppendorf cell imaging dish (NSW, Australia). After 24 h, the medium
was replaced with Rh-PE-labelled GSH-PEG-L or GSH-PEG-pSL in growth
media (total lipid concentration of 400 μg/ml) and cultured for 45 min, 4
and 24 h at 37 �C [6]. Cells were then washed with ice-cold PBS (0.01 M,
pH 7.4) and fixed for 15 min with 4% paraformaldehyde in 0.01M PBS at
22 �C. The fixed cells were stainedwith LysoTracker counter-stainedwith
Hoechst 33342 and mounted with a Prolong™ glass antifade for obser-
vation. Images of the cells were acquired using the 63� oil immersion
objective of a Zeiss LSM 710 inverted confocal laser microscope equipped
with Zeiss Zen advanced imaging software (Carl Zeiss, Germany). Ac-
quired images were analysed using Fiji software, version 1.6 (Bethesda,
Maryland, USA), to estimate the mean fluorescence intensity (FI) of
Rh-PE (representing the membrane of liposomes) in hBMECs. Individual
cells with no bias were manually selected as regions of interest to avoid
background interference with the software.
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2.5. Intracellular trafficking and exocytosis by live-cell imaging

Next, we examined whether the internalised liposomes and their
payloads were sorted differently within the hBMECs based on the pH-
sensitivity of liposomal components. To achieve this, we investigated
the intracellular trafficking of calcein/Rh-PE-labelled GSH-PEG-L or
GSH-PEG-pSL in hBMECs pretreated with LysoTrackerTM Deep Red
(short for LysoTracker) and a nuclear stain using confocal live-cell im-
aging aided by colocalisation analysis [38]. Briefly, hBMECs were seeded
in Collagen 1 pre-coated Ibidi 8-well chambered slides (2.5 � 104

cells/well in 300 μl of endothelial cell growth medium). After 24 h, cells
were stained with LysoTracker (100 nM) and Hoechst 33342 for 90 and
20 min, respectively, at 37 �C, then washed. 2–3 cells were chosen in a
differential interference contrast (DIC) channel. Then, calcein and Rh-PE
dual-labelled liposomes dispersed in a growth medium at 250 μg/ml
were added to the cells and maintained at 37 �C and 5% CO2 in the
live-cell incubator system. Confocal time-series images were immediately
acquired with a Zeiss LSM 710 inverted confocal microscope at regular
intervals of 5 min over a 2 h period by bi-directional, sequential scanning
to ensure spectral separation of fluorophores. Calcein was excited by a
488 Argon laser (20% intensity), while Rh-PE (Ex/Em 560/583) and
LysoTracker (Ex/Em 647⁄668) were excited by a 633 helium–neon laser
(20% intensity).

In the second experiment, to monitor the exocytosis of internalised
liposomes without interference by the continued entry of liposomes,
hBMECs pre-stained with LysoTracker and Hoechst 44432 were incu-
bated with calcein/Rh-PE-labelled liposomes (in growth medium) for 1
h. Cells were thoroughly washed and cultured in a fresh serum-free
medium before confocal time-series imaging over a 2 h period.

For both experiments, images were analysed using Fiji software,
version 1.6 (Bethesda, Maryland, USA), to estimate the colocalisation of
liposomes (Rh-PE or calcein) with LysoTracker, a dye for tracking of
acidic organelles such as endo-lysosomes (endosome and lysosome). In-
dividual cells were manually selected as regions of interest to avoid
background interference with the software. A scatter plot was generated
from the pixel intensities of channels A (LysoTracker) and B (calcein or
Rh-PE), which served as coordinates for a dot on the graph. When a
perfect association exists between the two channels, the dot cloud takes
the shape of a line and then spreads out in a partial colocalisation.
Pearson's correlation coefficients (r) were calculated using the colocali-
sation threshold plugin [39]. In this representation, the r value varies
from �1 to þ1, where �1 represents inverse correlation (exclusion),
zero, the absence of correlation, and þ1, a complete correlation. Graphs
for the correlation coefficients of calcein or Rh-PE and LysoTracker
against time were plotted by importing the tabular results from Fiji into
GraphPad Prism 7.0.

2.6. Exocytosis of liposomes from hBMECs

To further understand the effect of pH-sensitivity on exocytosis of
GSH-PEG-liposomes and payload, possible carriers for extruded lipo-
somes from liposome-treated hBMECs into the medium were isolated by
the differential centrifugation protocol, which is widely used for the
collection of natural EVs. The isolated EVs, mEVs, and sEVs fractions
correspond to the increasing centrifugation speed, 10,000 g and 100,000
g, respectively. In addition, natural EVs (typically between 30 nm and 1
μm) [34,41] derived from untreated hBMECs were used as control.

2.6.1. Isolation of extracellular vesicles released from cells
Briefly, hBMECs (107 cells in collagen 1 pre-coated T 175 flask) were

incubated with calcein/Rh-PE labelled GSH-PEG-L or GSH-PEG-pSL for 2
h at 37 �C, before washing and re-incubation in fresh serum-free medium
for 24 h at 37 �C, to allow for exocytosis occur. The EV-containing me-
dium was collected and subjected to differential centrifugation, a most
commonly used protocol for isolating natural EVs from cells and debris
[35,42]. The method involves low-speed centrifugation at 300g for 10
3

min (to sediment cells), then 2000 g for 20 min (to sediment dead cells,
debris, followed by a 10,000 g centrifugation for 30 min to sediment
mEVs (150–1000 nm). Finally, the supernatant was ultracentrifuged at
100,000 g for 70 min to sediment the sEVs (20–150 nm). All centrifu-
gation steps were carried out at 4 �C. The mEVs and sEVs pellets were
resuspended in PBS for characterisation.

2.6.2. Characterisation of the isolated EVs
The particle number and size of each fraction of the isolated vesicles

were analysed using NS300 NanoSight fitted with a NS300 flow-cell top
plate and a 405 nm laser [43]. Samples were diluted with PBS at different
concentrations (1:100 to 1:10) and analysed at 25 �C with gain adjust-
ments and automatic settings. Each single measurement consisted of
three 30-s videos at camera level 10. The detection threshold was set at 4,
and data acquisition and processing were performed using the NTA 3.0
software.

Also, the vesicle pellets were lysed using RIPA buffer with sonication
for 20 min on ice. After centrifugation at 10,000 g, the FI of calcein and
Rh-PE in the supernatant was analysed with a BioTek™ Synergy™ 2
Multi-Mode Microplate Reader (BioTek Instruments, Inc, USA) set at Ex/
Em wavelength of 495/515 nm for calcein and 560/583 nm for Rh-PE,
respectively. Natural EVs from untreated cells were used as back-
ground fluorescence.

The morphology and lamellar structure of frozen samples of the iso-
lated vesicles was viewed with Cryo-TEM (Tecnai 12 electron micro-
scope, FEI, Hillsboro, USA) as previously described [44,45].
Furthermore, the isolated vesicles from fluorescent liposome (cal-
cein/Rh-PE)-treated cells were dispersed in PBS and viewed under a
fluorescent microscope (Nikon Eclipse E400, Microscope Central, USA).

2.7. Confirmation of cellular origin of vesicles by detection of protein
marker

To clarify that internalised liposomal contents were repacked and
extruded by the hBMECs, the sEVs or mEVs fragments isolated from
calcein labelled liposome-treated hBMECs were examined for the pres-
ence of endothelial proteinmarker, CD144, along with CellTracker™ Red
CMTPX (referred to as CMTPX) using flow cytometry. The hBMECs
prelabelled with CMTPX (0.5 μg/ml for 45 min in serum-free medium at
37 �C) were incubated with calcein-labelled GSH-PEG-L or GSH-PEG-pSL.
The cells were washed and re-incubated with a serum-free medium for
24 h to allow for exocytosis. The culture medium was collected and
subjected to the standard differential centrifugation protocol (for EV
isolation) to isolate the mEVs and sEVs, which was analysed for calcein
and CMTPX signal using flow cytometry. In parallel, the isolated vesicles
were labelled with an APC-conjugated antibody against CD144. For this,
the isolated vesicle pellets were resuspended with an appropriate anti-
body dilution (0.5 μg/100 μl) in PBS containing 0.15% bovine albumin
for 20 min at 4 �C in the dark. The sample was then diluted by 1:5 with
PBS and immediately examined with a CyFlow Cube 8 flow cytometer
(Sysmex, Germany) [46].

After removing background noise, the gating window for counting
mEVs and sEVs was set using forward, and side scatter plots. The isolated
vesicles were analysed for calcein (from liposomes) and CMTPX or APC
CD144 with the appropriate emission and excitation filters. The Ex/Em
wavelengths for calcein were 495/515 nm, while CMTPX and APC
CD144 were 577/608 nm and 633/660 nm, respectively. Unstained EVs
from non-treated cells were used as control.

2.8. Quantitative determination of exocytosed liposomal fluorescent
content

The amount of GSH-PEG-liposomes retained or released from
hBMECs over time was further estimated based on Rh-PE and calcein
fluorescence [47,48]. Briefly, hBMECs suspension (105 cells in 500 μl of
endothelial growth medium) were transferred to Falcon® round-bottom
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tubes (STEMCELL Technologies, VIC, Australia) and incubated with
calcein/Rh-PE-labelled GSH-PEG-pSL or GSH-PEG-L (400 μg/ml) at 37 �C
for 2 h. The cell suspension in different tubes was centrifuged andwashed
to remove the liposomes outside cells. Cells were then incubated with a
fresh medium. At various time intervals (0, 1, 3, 4, 6, or 24 h), the cells
were separated from the medium by centrifugation (160 g for 5 min),
washed, and lysed with RIPA buffer (20 min in ice, 5 min sonication),
followed by ultracentrifugation. The medium (without lysis of any
released vesicles) and the supernatant from cell lysis were analysed with
a BioTek™ Synergy™ 2 Multi-Mode Microplate Reader (BioTek In-
struments, Inc, USA) to estimate the FI of liposomes that were retained or
released, respectively. The Ex/Em of calcein and Rh-PE were set at
495/515 nm and 560/583 nm, respectively. At different time points, the
FI in cell lysates was compared with zero time-point value (100%).
2.9. Evaluation of the exocytosis pathway by immunofluorescence

The involvement of Rab11A in the exocytosis of GSH-PEG-liposomes
was investigated by immunofluorescence staining of hBMECs with anti-
Rab11A antibody. Rab11A, often found on recycling endosomes and
MVB [49], is known to direct the sorting of lipid and protein molecules
for exocytosis or recycling depending on the endocytosis pathway [50].
Briefly, hBMECs (5 � 104 cells) were seeded in a glass-bottom cell im-
aging dish (Eppendorf, NSW, Australia). After 24 h, the medium was
replaced with Rh-PE-labelled GSH-PEG-L or GSH-PEG-pSL suspension (in
medium) and cultured for 2 h at 37 �C. Finally, cells were washed and
incubated with a fresh medium for 30 min before immunostaining for
Rab11A [51], as detailed in supplementary information. The exocytosis
pathway was tracked by the colocalisation of Rh-PE fluorescence signals
of internalised liposomes and Alexa Fluor 488 for Rab11A.
2.10. Transport efficiency of the liposomes across an in vitro BBB model

An in vitro BBB model comprising primary hBMECs in BioCoat™
Transwell inserts (1 μm pore size and 0.33 cm2 effective growth area; BD
Biosciences) was developed following the reported method [52]. The
model was validated by measuring the apparent permeability of FITC
dextran (10 kDa) [53] and the transendothelial electrical resistance
(TEER) with an Evom2 Epithelial Voltammeter (World Precision In-
struments, Florida USA) before being used to compare the transport of
Rh-PE labelled liposomes [54]. Briefly, the lower and upper compart-
ment medium was replaced with 0.6 ml of serum-PBS (0.01 M, pH 7.4
containing 2% v/v FBS). Rh-PE labelled liposomes (400 μg/ml suspended
in growth medium) were added to the upper compartment. The whole
setup was cultured at 37 �C. At 0.5, 1, 3, 6, 8, and 24 h, the inserts were
transferred to new wells with fresh serum-PBS. The fluorescence in-
tensity of Rh-PE in the lower compartments was determined using a
microplate reader (Ex/Em:568/583 nm). The TEER of the in vitro BBB
was re-validated at the end of the study.
Fig. 1. Internalised GSH-PEG-L and GSH-PEG-pSL by hBMECs over time: A) fluores
images of hBMECs. Rh-PE fluorescence (red) represents the liposome membrane. Th
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2.11. Statistical analysis

Statistical analysis was performed by one-way analysis of variance
(ANOVA) for multiple groups with Tukey's multiple comparisons test
using GraphPad Prism 7.01 (GraphPad Software Inc., CA, USA). A p-
value of less than 0.05 was considered statistically significant.

3. Results and discussion

3.1. Characteristics of GSH-PEG-liposomes

The GSH-PEG-L and GSH-PEG-pSL had similar zeta potential (�31.3
� 3.7 mV and�30.9� 1.0 mV), and particle size (108� 2.5 nm or 107.7
� 8.4 nm) and a narrow size distribution (PDI <0.11 � 0.01). The
liposome concentration (10 mg lipids/ml) was (4.8–5.7) � 1013 and
(6.4–8.0) � 1013 particles/ml for GSH-PEG-L and GSH-PEG-pSL,
respectively, while their cryo-TEM images showed mostly unilamellar
with few double-walled structures (Fig. S1).

3.2. Cellular uptake of GSH-PEG-liposomes by hBMECs

The mean fluorescence intensity (FI) of Rh-PE (Fig. 1A) from acquired
confocal images (Fig. 1B) after incubation of hBMECs with GSH-PEG-
liposomes at different time points indicated that the cellular uptake of
both liposomes was not significantly different (p > 0.05) within 45 min.
The GSH-PEG-L nearly attained its maximal cellular uptake at 45 min
with a slight increase at 4 h followed by a slight decrease at 24 h. By
contrast, the FI of GSH-PEG-pSL treated cells increased over time,
significantly higher (p < 0.05) at 4 h (1.35-fold) and 24 h (1.6-fold)
compared to GSH-PEG-L treated cells. The superior cellular retention was
previously attributed to the fusogenic properties of DOPE in GSH-PEG-
pSL, which increase the cellular uptake [25].

3.3. Intracellular trafficking and exocytosis by live-cell imaging

Live-cell imaging further revealed the internalisation followed by
intracellular trafficking of the calcein/Rh-PE-labelled liposomes and
exocytosis from the living hBMECs (Fig. 2). The LysoTracker, highly se-
lective for acidic organelles, can be linked to the endo-lysosomes, as the
proton pump effect lowers the lumenal pH [55]. GSH-PEG-L-treated cells
(Fig. 2A) showed a weak calcein and strong Rh-PE fluorescence signal as
early as 5 min, which progressively colocalised in the endo-lysosomes
(located around the nuclei) over the 2 h period. By contrast, a strong
calcein fluorescence was found in GSH-PEG-pSL-treated cells as early as
30 min adjacent to the endo-lysosomes, which progressively increased
over the 2 h period. A weak Rh-PE fluorescence signal was observed as
early as 5 min, which gradually increased and more colocalised with the
endo-lysosomes over time (Fig. 2B). Following endocytosis of the lipo-
somes, the extrusion of oblong-to-spherical-shaped vesicles of varying
sizes (200 nm to occasionally as large as 5 μm) was observed which was
cence intensities of Rh-PE in liposomes (mean � SD, n ¼ 3 wells), B) Confocal
e fluorescence signal in blue represents the cell nucleus. The scale bar is 20 μm.



Fig. 2. Live-cell CLSM images of hBMECs co-existing with
A) GSH-PEG-L and B) GSH-PEG-pSL over 2 h. Uptake of
GSH-PEG-L mainly led to the release of vesicles from the
cells from approximately 1 h (arrows). C) Scatter plot from
calcein- or Rh-PE-LysoTracker channels, show dot cloud
along the median line, indicating colocalisation of dual-
labelled liposomes with endo-lysosomes. Pearson's correla-
tion coefficients for colocalisation of D) calcein or E) Rh-PE
with LysoTracker in hBMECs when co-existing with GSH-
PEG-liposomes for 2 h. Calcein (magenta) and Rh-PE (red)
represent the liposomal core and membrane, respectively.
LysoTracker was used to label the late endo/lysosomal re-
gions (green) and Hoechst 33342 (blue) for nuclei. The
scale bars in A) and B) is 20 μm.
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sustained over 2 h from GSH-PEG-L-treated cells, while in
GSH-PEG-pSL-treated cells, these occurred from around 30 min to 1 h.

Analysis of acquired images as scatter plots of pixel intensities show
differing degrees of colocalisation of the two types of liposomes with
endo-lysosomes (Fig. 2C). For GSH-PEG-pSL-treated cells, the scatter
plots of calcein-LysoTracker channels displayed a spread of the dot cloud
away from the median line, indicating decreased colocalisation of GSH-
PEG-pSL content with endosomes, while the Rh-PE-LysoTracker chan-
nels were aligned. Conversely, in GSH-PEG-L-treated cells, the scatter
plot from calcein or Rh-PE and LysoTracker channels with dot clouds
aligned to the median line showing the colocalisation of internalised
GSH-PEG-L (membrane and content) with endo-lysosomes.

The above findings are consistent with the Pearson's correlation co-
efficient (r) generated from calcein (Fig. 2D) or Rh-PE (Fig. 2E) with
LysoTracker. For GSH-PEG-pSL, relatively stable high r values from
calcein-LysoTracker channels were observed (approximately þ0.7) over
time but dropped at 2 h. Instead, the Rh-PE-LysoTracker had an initial
low r value, which increased within 1 h (to approximately þ0.8), fol-
lowed by a slight decrease by 0.1 at 2 h, indicating fusion of GSH-PEG-
pSL membrane but endosome escape of calcein. Conversely, for GSH-
PEG-L, the r values were low (<þ0.3) for the calcein-LysoTracker
channels but high in the Rh-PE-LysoTracker channels (>þ0.7). This
suggests the retention of calcein of GSH-PEG-L within endo-lysosomes.

To further examine intracellular trafficking without cellular uptake
interference, we performed live-cell imaging of liposome-pretreated
hBMECs. Most endo-lysosomes of GSH-PEG-L-treated cells were filled
with GSH-PEG-L, and exocytosis of vesicles containing calcein, Rh-PE,
and LysoTracker was observed (Fig. 3A, D and Movie S1). This was
accompanied by a gradual loss of both Rh-PE and LysoTracker from the
cells, possibly due to the extrusion of EVs of low intra-vesicular pH
enclosing GSH-PEG-L.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.mtbio.2022.100212.

Conversely, the GSH-PEG-pSL-treated cells revealed the presence of
strong and disseminated calcein fluorescence signals in the cytoplasm,
with some endo-lysosomes still colocalizing with liposomes, followed by
the extrusion of vesicles containing only Rh-PE and LysoTracker (Fig. 3B
and Movie S2).

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.mtbio.2022.100212.

Declining r values (Rh-PE vs LysoTracker channels, Fig. 3C) were
observed in both liposomes. However, it may suggest different cellular
events such as exocytosis of GSH-PEG-L evidenced by the gradual
depletion of LysoTracker. However, internalised GSH-PEG-pSL fuse with
the endosome membrane leading to the release of its content into the
cytoplasm and reduced exocytosis of intact liposomes. By comparison,
GSH-PEG-L appeared to stay with the endosomes and, thus, retains most
of its payload before being extruded from hBMECs, thus completing the
transcellular transport process, possibly intact.

These large vesicles (5 μm) are comparable to autophagic bodies
(autophagosomes, amphisomes or autolysosomes, lumen pH 5–6) [56,
57] of the autophagy pathway based on their low pH and size (2–5 μm)
[49]. Amphisomes or autolysosomes are formed via the interaction be-
tween the autophagosome and late endosome/MVB or lysosomes (con-
taining liposomes) in cells [58,59]. Further studies are required to
understand the nature of these large vesicles.
3.4. Exocytosis of liposomes from hBMECs

3.4.1. Exocytosis of liposomes and pH-sensitivity effect
Herein, each hBMEC without liposome treatment (control) secreted

417 � 59 sEVs and 63 � 29 mEVs in 24 h, similar to the reported EV
secretion numbers from endothelial cells [34,60,61].
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As shown in Fig. 4A, GSH-PEG-L-treated cells produced 2.6-fold (p <

0.05) and 7.9-fold (p < 0.01) more sEVs, as well as 4.6-fold (p < 0.01)
and 2.3-fold more mEVs, than GSH-PEG-pSL-treated cells and control
cells, respectively. Conversely, GSH-pSL-treated cells produced signifi-
cantly 2.9-fold more sEVs (p< 0.01) but 2-fold less mEVs than the control
cells. The stimulation effect of GSH-PEG-L corresponds with a previous
study that demonstrated the FC5 antibody to cause a 4-fold increase in EV
production by immortalised human brain microvascular endothelial cells
(HCMEC/D3) via the stimulation of receptor-mediated transport [34].
Most recently, doxorubicin-loaded porous silicon nanoparticles (PSiNPs)
were also reported to stimulate the production of exosomes almost
34-fold, with a subsequent yield of exosome-sheathed PSiNPs from the
cancer cells [62].

Furthermore, we examined the FI of Rh-PE and calcein in the lysates
of mEVs and sEVs, representing the liposomal payload and membrane,
respectively, in this study. Fig. 4B&C illustrates that the FIs of calcein and
Rh-PE in the mEV lysates from GSH-PEG-L-treated cells were 2.5 or 2.7-
fold higher than those from GSH-PEG-pSL-treated cells (p < 0.01),
indicating more exocytosis of GSH-PEG-L than GSH-PEG-pSL through
mEV secretion. By contrast, only GSH-PEG-pSL treatment resulted in
significant FIs of Rh-PE in the sEV lysates, 2-fold of the natural sEV lysates
(p < 0.05). However, both liposome treatments produced calcein FIs
(GSH-PEG-pSL-treated being slightly lower), approximately 4-fold
stronger (p > 0.05) than that of the natural sEV lysates. This suggests
both liposomes' payloads were packed in the sEVs before being extruded
from the cells, while only the GSH-PEG-pSL membrane was found in the
sEVs, which may be the sEV membrane. This is linked to the fusion of
GSH-PEG-pSL bilayers containing Rh-PE with the endosomal membrane,
one of the proposed mechanisms for ‘endosome escape’ of pSL [39]. The
other two mechanisms are the collapse of pSL in the low pH of the
endosomal lumen leading to the diffusion of the content to cytosol and
rupture of endosomes [63]. Calcein can only be released into the cytosol
through these two pathways because of its hydrophilic nature.

Size analysis of the collected vesicles revealed that the mEVs pro-
duced by GSH-PEG-L-treated cells were 20 nm smaller and scientifically
more negatively charged (by 19 mV) than those of the natural mEVs
secreted from hBMECs (control) (Fig. 4D). The charge was close to those
of the liposomes (�30 mV). On the other hand, both the sEVs and mEVs
secreted from GSH-PEG-pSL-treated cells were negatively charged and
smaller than the natural sEVs and mEVs. It would be interesting to
carefully isolate and evaluated the large vesicles (5 μm in size) in the
future as they are presumably lost with cell debris during the centrifu-
gation process in this study.

It is also worth noting that liposome enclosure in some sEVs or mEVs
could increase their density and sedimentation into a different isolated
EV fraction than natural EVs during separation by differential centrifu-
gation method. According to Stokes’ law, the settling velocity of solid
particles in a liquid is maximised by a significant density difference
(among other factors) between solids and liquid [33]. This is evidenced
by the reduced size of mEV fractions from liposome-treated cells
compared to natural mEVs (Fig. 4D). Therefore, the term mEVs for
liposome-treated cells could signify a mix of natural mEVs secreted by
hBMECs along with mEVs and sEVs enclosing liposomes.

The cryo-TEM images revealed an oblong-to-spherical-shaped
morphology of the vesicles from liposome-treated and control dissimi-
lar to the internalised GSH-PEG-liposomes (Fig. 4D). Interestingly, the
sEVs and mEVs extruded by GSH-PEG-L-treated cells appear to enclose
single or groups of spherical structures resembling GSH-PEG-L, which
was dissimilar to the sEVs from GSH-PEG-pSL-treated cells, and spherical
like the EVs from control cells. The mEVs secreted from GSH-PEG-pSL-
treated cells had a darker outer surface layer. This was not present in
similar vesicles produced by GSH-PEG-L-treated cells or control vesicles,
signifying the interaction of GSH-PEG-pSL with the plasma membrane of

https://doi.org/10.1016/j.mtbio.2022.100212
https://doi.org/10.1016/j.mtbio.2022.100212
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https://doi.org/10.1016/j.mtbio.2022.100212


Fig. 3. Live-cell CLSM images of hBMECs pretreated with calcein/Rh-PE dual-labelled liposomes for 1 h and before washing and re-incubation in fresh medium: Cells
pretreated with A) GSH-PEG-L, or B) GSH-PEG-pSL. C) Pearson's correlation coefficients for colocalisation of Rh-PE (liposomes membrane) with LysoTracker (green) of
hBMECs. Calcein (magenta) and Rh-PE (red) represent the liposome's core and membrane, respectively. LysoTracker indicates late endo/lysosomal regions. Hoechst
33342 (blue) was used as a nuclear stain. D) Images of vesicles secreted from GSH-PEG-L pretreated cells enclosing calcein, Rh-PE, and LysoTracker, but no calcein
signal was observed in those GSH-PEG-pSL pretreated cells. Scale bars are 20 μm in A and B, and 5 μm in D.
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Fig. 4. Physicochemical properties of isolated vesicles from hBMECs following treatment with GSH-PEG-L and GSH-PEG-pSL for 2 h versus EVs from non-treated cells
(control). A) the particle numbers in the sEV and mEV fractions; B & C) the FIs of Rh-PE (B) and calcein (C) in the EV lysates; D) Vesicle size, zeta potential and
morphology under cryo-TEM. Vesicles secreted from cells were fractioned at various centrifugation speeds of 2000 g– defined as mEV 2000 g fraction, 10000 g –mEVs
and 100,000 g – sEVs.
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hBMECs. Furthermore, mEV-2000 g Fr, especially from GSH-PEG-L
treated cells, were sac-like structures different from the natural EVs of
control cells obtained at 2000 g centrifugation speed. The observed
structures could be vesicles that ruptured during sample preparation due
to less rigid membrane or isolated in that form. The morphology of the
vesicles, especially for the control EVs, was similar to recent reports on
cryo-electron microscopy of EVs from cerebrospinal fluid and other
human biofluids or cell-culture conditioned medium [44]. Taken
together, these findings depict more exocytosis of GSH-PEG-L as whole
liposomes than GSH-PEG-pSL and the presence of the former in
large-sized vesicles.

3.4.2. Confirmation of cellular origin of vesicles by detection of protein
marker

The sEVs from GSH-PEG-L-treated cells were positive for the CMTPX
signal and contained calcein (Fig. 5A), suggesting their origin from
hBMECs. Surprisingly, sEVs from GSH-PEG-pSL-treated cells had calcein
but without CMTPX signal due to possible destruction of the latter during
intracellular processing of GSH-PEG-pSL. On the other hand, the mEVs
(fraction) from GSH-PEG-L and GSH-PEG-pSL-treated cells were positive
for calcein and CMTPX (Fig. 5B). This indicated the cells used mEV to
export intact internalised liposomes and their content, including those in
the cytoplasm, via outward budding of the plasma membrane.

Furthermore, the mEVs and sEVs extruded from GSH-PEG-L or GSH-
PEG-pSL-treated cells (Fig. 5C and D) were positive CD144. CD144 is a
8

cell marker that is also enriched on endothelial cell-derived EVs [64]. The
above data provided strong evidence that the isolated vesicles were
extruded from the hBMECs, possibly comprising a mixture of natural EV
and liposome-EV hybrids but were not simply modified liposomes.
Notably, the CD144 antibody-negative and CMPTX-negative staining
control EVs had no CMTPX or CD144 signal, confirming that internalised
liposomal contents (calcein) were repacked into CD144þ ve and CMTPX
þ ve vesicles, particularly mEVs. This finding is in line with a recent
report which demonstrated that endocytosed lipid
nanoparticle-messenger RNA (LNP-mRNA) were re-packaged into EVs
and were then extruded from the cells [65]. However, they did not
quantify the EV number.

3.4.3. Quantitative determination of exocytosed liposomes
The luminal exocytosis from liposome-treated hBMECs (in the

absence of liposome contents) in media was assessed over 24 h. The
quantified calcein FI released in the surrounding medium of GSH-PEG-L-
treated hBMECs was about 2-fold more than GSH-PEG-pSL-treated
hBMECs and attained a maximum during the first 6 h (Fig. 6A). In
comparison, the FI of Rh-PE released into the media increased over 24 h
with little difference between liposomes (16.5� 1.9% vs. 17.3� 0.5% of
the total FI in cells at time zero) (Fig. 6B). A corresponding reduction of
Rh-PE FI retained in the cells over time, as measured in the cell lysates,
was found in GSH-PEG-L-treated cells and GSH-PEG-pSL-treated cells
(Fig. 6C). However, a 21% increase in retained GSH-PEG-pSL and not



Fig. 5. Isolated sEVs (A) and mEVs (B) extruded from liposome-treated hBMECs versus natural sEVs and mEVs showing side-scatter versus forward scatter or calcein/
CMTPX dot plot; CD144 protein versus calcein (liposomal content) dot plot for mEVs (C) and sEVs (D) compared with the naturally secreted sEVs and mEVs (controls).

J.N. Reginald-Opara et al. Materials Today Bio 13 (2022) 100212
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Fig. 6. Quantitative determination of exocytosed liposomal fluorescent content
of A) calcein (the liposomes content) released in the medium, and Rh-PE (li-
posomes membrane) B) released in the medium or C) retained in a cell lysate
following incubation with fresh medium at 37 �C for 24 h. The Rh-PE and
calcein FI in cell lysates immediately after 2 h incubation with liposomes
(defined as time 0) were set 100%. Data are means � SD, n ¼ 3.

J.N. Reginald-Opara et al. Materials Today Bio 13 (2022) 100212
GSH-PEG-L of cell lysates from 1 to 3 h could be attributed to re-entering
of exocytosed GSH-PEG-pSL due to their fusogenic nature. Similarly, this
higher retention of internalised GSH-PEG-pSL in analysed hBMECs ly-
sates is consistent with the confocal microscopy evaluation findings of
cellular uptake or retention (Fig. 1).
10
The total Rh-PE FIs retained and released from GSH-PEG-pSL-treated
cells at 6 h and 24 h were close to 100%. In contrast, the corresponding
values were only 88% and 80.4% in GSH-PEG-L-treated cells, which may
be due to lysosomal degradation or endosome entrapment.

3.5. Evaluation of the exocytosis pathway by immunofluorescence

Additionally, confocal images showed that Rab11A regulated the
exocytosis of GSH-PEG-liposomes in hBMECs after 2 h of liposome
treatment (Fig. S2) for images of individual channels). The fluorescence
signal of Rab11A was colocalised with the Rh-PE labelled GSH-PEG-L
both at the perinuclear region (red arrows) and close to the plasma
membrane along the actin filaments. The Rh-PE fluorescence of GSH-
PEG-pSL also colocalised with Rab11A, but mainly at the perinuclear
region.

In the cells, more GSH-PEG-L colocalised with Rab11A towards the
plasma membrane than in the endo-lysosomes, while GSH-PEG-pSL
colocalised with Rab11A at the perinuclear area, especially in endo-
lysosomes (Fig. S2). These findings correspond with recent reports,
showing Rab11A is transported to the cell periphery with recycling
vesicles, directly regulating vesicle exocytosis at the plasma membrane
[50]. Thus, this study may suggest that Rab11A regulation of more
GSH-PEG-L trafficking towards the plasma membrane of hBMECs relates
to the extrusion of more GSH-PEG-L via EVs. Moreover, Rab11A is
involved in autophagosome–endosome fusion to form an intermediate
organelle, amphisomes [66], further suggesting that the large acidic
vesicles released from liposome-treated hBMECs are most likely to be
amphisomes/autophagosomes.

3.6. Transcellular efficiency of liposomes across the in vitro BBB model

The hBMECs monolayer model cultured for 7 days displayed a Papp
(2.8 � 0.1) x 10�6 cm2/s to FITC dextran (10 kDa) TEER (120.52 � 13.5
Ω cm2) values, comparable to the previously reported value [52], with no
significant change following further culture at day 10 (Fig. 7A &B),
suggesting the successful establishment of the BBB model. The trans-
cellular transport efficiency measured with Rh-PE FI over 24 h of
GSH-PEG-L was 2.5-fold higher than GSH-PEG-pSL (p < 0.001) (Fig. 7C).
Rh-PE has two long lipophilic tails (C14) thus has strong affinities with
biomembranes. Therefore, the only pathway to cross the in vitro BBB
model was via the transcellular pathway, namely, secretion of
liposome-EV hybrids. In contrast, GSH-PEG-pSL underwent endosome
escape via liposome-endosome fusion [19,20], and therefore reduced
exocytosis of the liposomes. It is worth noting that lipophilic small
molecules loaded in the pSL may still exploit the passive diffusion from
the cytoplasm and cross the BBB.

Overall, the present study revealed a phenomenon of how liposomes
underwent transcytosis through hBMECs using cell line and monolayer
models, either as a natural EV secretion or cellular elimination machinery
for ‘foreign’ nanoparticles. There is a critical need to understand the
physiological relevance of these findings in the complex in vivo situation.
Our BBB model shows that the EVs are extruded from the basolateral
(facing the brain) side of the endothelial cells. A question that remains is
whether the EVs are equally released to the apical/lumenal side (facing
the blood), or polarised. The apical-basal membranes hBMECs differ in
their lipid and (glyco-)protein composition with asymmetry expression
glucose transporter (influx to brain) [67] and drug efflux transporters
[68], possibly to maintain the homeostasis. In addition, understanding
the impact of formulation and drug properties on transport to the brain
for the wider nanoscale drug delivery systems (such as polymeric or
inorganic systems) through post-analysis of brain capillaries for the latter
and EV would be of great interest in future research, to correlate the in
vitro data.



Fig. 7. Investigating transport of liposomes across an
in vitro BBB model: a) Papp of FITC dextran (10 kDa)
across the in vitro BBB models at day 7–10; b) light
microscopic images of hBMECs monolayer forming a
tight barrier at day 7 post-seeding with a cobble-stone
appearance; and c) the transport efficiency of Rh-PE
labelled GSH-PEG-L versus GSH-PEG-pSL across the
in vitro BBB monolayer model, measured as the fluo-
rescence of Rh-PE in the brain side compartment (Rh-
PE is unable to cross the BBB by diffusion as a highly
lipophilic molecule unless via alternative transport
pathway.
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4. Conclusions

To understand the transport mechanisms of liposomes across brain
endothelial cells, herein, the cellular trafficking of liposomes was
revealed, with a focus on exocytosis using hBMEC models. After endo-
cytosis, GSH-PEG-L and GSH-PEG-pSL followed the endolysosomal
pathway. GSH-PEG-L were extruded from the cells as whole liposomes,
sheathed individually or as a group in a membrane, promoting the
release of mEVs and sEVs of hBMECs. Furthermore, most of the mEVs and
sEVs produced by liposome-treated cells were confirmed to be of endo-
thelial origin evidenced by the CD144marker. By contrast, due to the pH-
sensitivity, GSH-PEG-pSL underwent ‘endosome escape’, and subsequent
reduction in the exocytosis of these liposomes. This pH-sensitivity-
mediated cytoplasmic release which may limit the transport efficiency
across the BBB to the brain if the drugs (such as proteins) can hardly
diffuse through the endothelial cells. Taken together, this study
demonstrated that liposomes might utilize EV secretion to achieve
transcytosis while the pH-sensitivity increased cytosolic delivery but
suppresses transcellular transport efficiency via the exocytosis pathway.
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