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Introduction

Fusion of liposomes incorporating a-linolenic acid
with the cell plasma membrane is site-restricted+

Abdullah Aljasser, &)  Ramy Elbahr, ¥ Cynthia Bosquillon and Snow Stolnik = *

This study assesses the interactions of liposomes incorporating unsaturated cis-9,12,15-octadecatrienoic
acid (a-linolenic acid) with model and cell membranes. The liposome-cell membrane interactions that
initiate @ membrane fusion process may enable a direct cytoplasmic delivery of liposomal cargo.
Experimental results confirm the incorporation of a-linolenic acid (aLA) into, and a consequent concen-
tration-dependent increase in the fluidity of, the liposomal lipid bilayer, as demonstrated by H-NMR
spectroscopy and a laurdan emission assay, respectively. On mixing with simple membrane-model lipo-
somes, Forster Resonance Energy Transfer (FRET) analysis of embedded donor—acceptor pairs reveals a
reduction in the FRET ratio, indicative of structural alterations in the lipid bilayer and a membrane fusion of
aLA containing liposomes, not observed for their non-alA counterparts. Following application to cells
in vitro a reduction in the FRET ratio was seen for both aLA-containing and non-alLA liposomes, implying
changes in the liposomal lipid bilayer in both systems. However, confocal microscopy and Pearson’s cor-
relation coefficient analysis reveal a crucial difference: aLA containing liposomes preferentially localize at
the cell plasma membrane, whereas their non-alA counterparts predominantly exhibit intracellular local-
isation. Notably, cell membrane-associated fluorescence appears punctate and heterogeneously distribu-
ted, suggesting that alLA-liposome fusion with the cell membrane does not lead to a homogeneous
mixing of lipid membrane/dye lateral diffusion but that, for the system and conditions tested, the liposome
fusion is a site-restricted process. Observations in this study are critical in the design of drug delivery
systems capable of achieving direct cytoplasmic delivery of active compounds to potentially overcome a
current bottleneck in effective cytosolic drug delivery.

endosomal escape, allowing liposomes/liposomal cargo to
reach cell cytoplasm.®® Another option for cellular delivery

Liposomes are spherical structures characterised by an
arrangement of lipids into a bilayer membrane encapsulating
an aqueous central space.”” An extensive body of research and
published literature studies investigating liposomes exist,
ranging from the characterisation of their physicochemical
properties,>* behaviour as drug delivery systems in vitro and
in vivo, to clinical studies and their current use in therapy (e.g
Doxil® and Caelyx®).® Drug targeting studies typically report
that liposomes deliver therapeutic cargo via endocytosis by a
(target) cell.*” Hence, liposomes enter the cellular trafficking
process that ultimately leads to a destructive lysosomal com-
partment, unless an incorporated functionality stimulates
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considered in the field is for liposomes to fuse with the cell
plasma membrane and release their cargo directly to the cell
cytoplasm (cytosolic delivery).” The ability of nano-carriers to
deliver their cargo directly to cell cytoplasm is essential to
achieve the therapeutic effect of new biologics, including
nucleic acids (e.g. RNAs), antibodies to cytosolic targets, cyto-
solic enzymes, or antigen presentation to the immune
system.'® The inefficient cytosolic delivery is identified as a
bottleneck in the therapeutic translation of mRNA vaccine
technologies.

This study investigates whether the composition of a liposo-
mal lipid bilayer can be modified by the incorporation of the
unsaturated fatty acid, a-linolenic acid (aLA), to tailor liposo-
mal properties towards preferential cell membrane fusion and
reduce their cellular internalization vie an endocytosis
pathway. The effect of the incorporation of polyunsaturated
fatty acids, such as a-linolenic acid, on the fluidity of lipid
bilayers has been studied previously.""'* Their inclusion dis-
rupts the regular packing of phospholipid molecules in the
lamellar bilayer structure, thereby enhancing the bilayer fluid-
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ity. Increased fluidity could potentially impact different mem-
brane behaviours such as liposomal membrane fusion with
the cell plasma membrane.™

For the composition of liposomes and simple membrane-
model liposomes used in this study, the following is important
to consider that model membrane fusion mediated by the poly
(ethylene glycol) (PEG) presence® shows that even when the
vesicles (liposomes) are aggregated in the presence of high
concentrations of PEG, no fusion is observed between large
unilamellar vesicles which are composed of a single phospha-
tidylcholine species.”> PEG-mediated vesicle fusion occurs
only when bilayers are somehow perturbed. Fusogenic pertur-
bation has been shown to result from, for example, a high
bilayer curvature due to acyl chain unsaturation present within
small, unilamellar vesicles (as used in this study), the presence
of a small fraction of certain amphipaths, and imperfect outer
leaflet lipid packing. Both apposing membranes must be per-
turbed in their outer leaflets, and fusion does not occur when
perturbation is absent/blocked.'®"” The literature thus empha-
sizes the importance of imperfect lipid packing in the mem-
brane leaflets which are in contact with each other as the con-
dition necessary to drive the lipid rearrangements needed to
initiate bilayer fusion.

The fusion of liposomes with the cell plasma membrane is
often investigated employing Forster Resonance Energy
Transfer (FRET). Cyanine-based fluorescent probes have typi-
cally been used as FRET donor-acceptor pairs in liposomal
systems as they possess the molecular structure and lipophili-
city (aliphatic chain and log P > 10) that drives their incorpor-
ation within the lipophilic environment of the liposomal lipid
bilayer.'®'® For example, a FRET pair of the DiO donor and Dil
acceptor (as adopted in this study) was used to assess the
phosphatidylcholine (PC) liposome-cell membrane fusion
with a range of different cells in culture;'® a membrane fusion
between liposomes incorporating the NK cell membrane and
MCF-7 cells was assessed by separately loading BHK21 cells
with the donor (CF350) and the liposomes with the acceptor
(NBD) probe. The successful membrane fusion was confirmed
by an increase in the FRET efficiency (inter-FRET approach).>”

Here we investigate interactions between liposomes and
model membranes and cells in in vitro culture as a function of
a-linolenic acid («LA), i.e. acyl chain unsaturation content in
the liposomes. The DiO and Dil FRET pair was incorporated
into the liposomal lipid bilayer to evaluate membrane fusion
applying both fluorescence spectroscopy and flow cytometry
analyses. Confocal microscopy with Pearson coefficient ana-
lysis was employed to obtain critical spatial information on
aLA-liposome interactions with the cells in the culture.

Experimental

Materials
1,2-Distearoyl-sn-glycero-3-phosphocholine  (DSPC), 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine (DOPE), N-(dodeca-

noyl)-sphing-4-enine-1-phosphocholine (sphingomyelin), and
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cholesterol were purchased from Avanti® Polar Lipids, Inc.
(UK). 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was
obtained from NOF Corporation, COATSOME® MC-8181
(Japan). cis-9,12,15-Octadecatrienoic acid (a-linolenic acid) was
purchased from Thermo Fisher® Chemicals (USA). DiO (3'-
dioctadecyloxacarbocyanine (DiOCy 4 (3))), Dil (1,1-dioctadecyl-
3,3,3',3"-tetramethylindocarbocyanine (DiICy5 (3))), 5(6)-carbox-
yfluorescein, plasma membrane CellMask™, and DAPI were
supplied by Sigma Aldrich (UK).

Methods

Preparation of liposomes

Liposomes were fabricated by the classical thin film hydration
method.?" The lipids were dissolved in chloroform (1 mg ml™)
and the required volumes of solutions were mixed to obtain
the liposome compositions specified in Table 1. To produce
fluorescent liposomes, 20 pl of DiO, Dil, or both (dissolved in
CHCl;) were added during the preparation of the lipid mixture
in the organic solvent. The organic solvent was evaporated
under nitrogen stream to form a thin film on the wall of a
rotating flask. The films were hydrated with filtered (0.2 pm)
phosphate-buffered saline (PBS) (10 mM at pH 7.4). After the
hydration step, all initial liposome formulations were extruded
11 times through a 200 nm filter membrane using an Avanti
Polar Lipids, Inc. extruder. A PD-10 desalting column (Cytiva)
was used to remove unincorporated dyes according to the man-
ufacturer’s protocol.

Particle size and zeta potential analyses

The hydrodynamic particle diameter and zeta potential of fab-
ricated liposomes were measured using a Zetasizer Nano
(Malvern). Prior to each measurement, samples were appropri-
ately diluted with 10 mM PBS buffer (pH 7.4). Results are pre-
sented as the mean + standard deviation of three repeated
measurements. Particle size distribution profiles are shown in
ESI Fig. S1.1

Table 1 Summary of liposome compositions

mol%
Liposomes DOPC DSPC Chol SM DOPE oLA
Simple membrane 50.0 27.0  23.0
model
oLA(-DiO&DII ¢ 62.5 25.0 6.25 6.25 0
aLA,-DiO 62.5 25.0 6.25 6.25 0
aLAy-Dil 62.5 25.0 6.25 6.25 0
LA, -DiO&DIl 56.3 22.5 5.6 5.6 10
LA ,o-DIiO&DII 50.0 20.0 50 5.0 20
aLA,o-DiO 50.0 20.0 5.0 5.0 20
aLA,(-Dil 50.0 20.0 5.0 5.0 20
oLA;,-DiO&DIl 43.7 175 4.4 44 30
LA 44-DIO&DII 375 15.0 3.75 3.75 40

“All DiO&Dil-liposomes contain 20 pM DiO and Dil dyes. aLA,-DiO
and aLA,,-DiO liposomes contain 20 pM DiO. aLAy-Dil and aLA,y-Dil
contain 20 pM Dil.

This journal is © The Royal Society of Chemistry 2025
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Quantification of o-linolenic acid incorporation

To analyse the oLA content in liposomes, 300 pl of the
extruded liposome suspension was freeze-dried and the result-
ing powder reconstituted in 750 pl of CDCl;, and 50 ul of a
10 mg ml~" solution of benzoic acid (BA) in CDCI, was added
as a reference standard. The "H Nuclear Magnetic Resonance
(NMR) spectra of the samples were acquired using a Bruker
400 MHz NMR spectrometer. The a-linolenic acid peak, identi-
fied at 2.8 ppm and representing 4 protons, and the benzoic
acid peak at 7.6 ppm, representing 1 proton, were analysed
using MestReNova software. The a-linolenic acid concentration
in the analysed sample was calculated from the following
equation:

[aLA
[BA

no. of proton BA

x conc. of BA.
no. of proton aLA

aLA conc =

The efficiency of linolenic acid incorporation into lipo-
somes was calculated from:

aLA incorporation efficiency, %
__aLA conc. after column

Y] x 100
initial aLLA conc.

whereby aLA concentration after column separation was calcu-
lated from oLA concentration in liposome samples determined
by 'H-NMR, while initial aLA concentration arises from the
amount of aLA added to the formulation.

Membrane fluidity measurements

To assess the effect of aLA on the membrane fluidity of
liposomes, general polarization of laurdan was determined.
The laurdan probe was added to the organic solvent stage
during liposome production. The stock solution of laurdan
used was 1 mg ml™' in CHCl; and the concentration of
laurdan in the liposomes, relative to the total molar lipid con-
centration, was 0.2 mol%. Liposomes were then fabricated as
described above. Laurdan containing liposome suspensions
were diluted to 1:5 with 10 mM PBS buffer at pH 7.4, and
100 pl samples were placed in three black bottom 96-well
plates. These were incubated at 4, 25, or 37 °C for 1 h.
Fluorescence measurements for each plate were recorded at a
relevant temperature using a Tecan infinite 200 PRO multi-
mode plate reader. Fluorescence intensities were recorded at
Aem 440 (I40) and 490 (I;00) nm after excitation at dex 360 nm
and used to calculate the generalized polarization (GP) using
the following equation:

_ 1440 - 1490

GP = .
Iys0 + Iyoo

Incorporation of fluorescent dyes into liposomes

After the fabrication of the liposomes, the liposome suspen-
sions were diluted to 2.5 ml of the total volume and run on a
PD-10 desalting column (Cytiva) eluted with 10 mM PBS, at pH
7.4, as per the manufacturer’s protocol. Fluorescence of the
eluted fraction was read (Tecan Infinite 200 PRO multimode
plate reader) at Aex 460 nm and A, 505 or 565 nm. The incor-

This journal is © The Royal Society of Chemistry 2025
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poration efficiency was calculated from fluorescence intensi-
ties before and after elution. The dye incorporation data are
shown in ESI Fig. S2.1

Incorporation of FRET pair probes

To confirm the incorporation of FRET pair dyes into lipo-
somes, an 80 pl sample was taken from a liposome formu-
lation following chromatographic separation, placed into a
black bottom 96-well plate and 20 pl of either DMF or THF was
added. Fluorescence of the liposome suspensions either in the
absence or in the presence of an organic solvent was recorded
at Adex 460 nm and Aey, 495 to 650 nm (Tecan Infinite 200 PRO
multimode plate reader). The FRET ratio was calculated based
on the following equation:

FRETratio = 2%
pio + Ipit
where Ipio and Ip;; are the fluorescence intensities of DiO at
Jem 505 nm and Dil at Ay, 565 nm. Data are shown in ESI
Fig. S3.1

Evaluation of liposome permeability using carboxyfluorescein

Liposomes were formulated as described above, with one
modification in the hydration step. The lipid film was hydrated
with filtered PBS buffer containing 40 mM carboxyfluorescein.
Free (unencapsulated in liposomes) carboxyfluorescein was
removed using a PD-10 column. To dissolve carboxyfluorescein
at this high concentration NaOH was added to bring the pH to
7.4-7.6. CF is self-quenched at high concentration inside the
liposomes and fluoresces once it leaks out of liposomes. CF-
containing liposomes were diluted to 1:5 with PBS or 0.2%
Triton-X 100. The 100 pl samples were placed in a black
bottom 96-well plate (4 plates in total). The first plate was read
at time 0 h and 25 °C. The three plates were incubated for 2 h
at different temperatures, 4, 25, and 37 °C. The fluorescence
was read (Tecan Infinite 200 PRO multimode plate reader) at
Aex = 485 nm and A.,, = 520 nm. The release of CF from the
liposomes was calculated as:
¢ t=0
% CF release = %
cr — fcr

where F., = fluorescence intensity of CF liposomes at time
t, F5 = fluorescence intensity of CF liposomes at time 0 and
F&° = fluorescence intensity of CF liposomes after lysing 0.2%
Triton-X 100.

Liposome mixing

The suspension of simple membrane model liposomes
(Table 1) was mixed with FRET pair containing liposomes with
an increased content of a-linolenic acid, ie. aLAy-, aLAq,
aLAy¢-, aLAzo- and aLA4,-DiO&Dil liposomes, in a 1:1 v/v ratio
and incubated overnight in a water bath at 37 °C with continu-
ous gentle shaking at 150 rpm. Fluorescence of the suspension
mixture was measured at ., 460 nm with the emission spec-
trum being collected from Aen, 490 to 650 nm. FRET ratios
were calculated from the fluorescence intensity scans of the

Nanoscale, 2025,17,18377-18391 | 18379
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suspension mixtures recorded before and after water bath
incubation (at 0 h and 24 h),

Ipip

FRET ratio = ———
Ipio + Ipit

where Ipio and Ip;; are the fluorescence intensities of DiO at
Aem = 505 nm and Dil at ¢y, = 565 nm.

Cryogenic transmission electron microscopy (Cryo-TEM)

aLA,,-DiO&DiI liposomes were mixed with simple model
membrane liposomes (Table 1) in a 1:1 v/v ratio and incu-
bated for 10 minutes. The samples were then prepared using a
Gatan CP3 cryo-plunge and imaged on a JEOL 2100+ TEM
operating at 200 kV. The sample (3 pL) was deposited onto a
holey carbon copper TEM support grid, that had been glow
discharged to induce hydrophilicity, in a controlled humidity
and temperature environment (25 °C, 80% humidity), and
blotted on both sides of the TEM grid (1.5 s), before gravity
plunging into liquid ethane (—172 °C) to vitrify. The samples
were maintained under liquid nitrogen (—196 °C) during trans-
fer to a TEM cryo-sample holder (Gatan 926), and the tempera-
ture was held at around —176 °C throughout imaging using a
Gatan (Smartset model 900) cold stage controller. Images were
recorded (Gatan Ultrascan 100XP camera), with a nominal
under a focus value of 3-5 um and a 60 um objective aperture
to enhance the phase contrast.

Liposome cell toxicity

Human lung epithelial adenocarcinoma A549 cells were
obtained from the American Type Culture Collection (ATCC,
CCL-185). The cells were cultured in 75 cm” flasks until
80-90% confluency in DMEM medium (10% FBS, and 1%
penicillin/streptomycin) prior to any further experiment.
Liposome toxicity was assessed by the metabolic activity MTS
assay following a standard protocol. Cells were seeded at a
density of 1 x 10* cells in a 96-well plate in DMEM medium
(10% FBS, and 1% penicillin/streptomycin). The plates were
incubated for 24 h before the medium was aspirated and the
cells were washed with pre-warmed 10 mM PBS (pH 7.4).
Tested liposomes (aLA,-DiO&Dil and «aLA,,-DiO&Dil) were
added and the cells were exposed for 24 h. The cells were then
incubated with MTS reagent for 3 h. For positive and negative
control, the cells were incubated either with 1% v/v Triton-X
solution or DMEM medium, respectively. The absorbance was
recorded at 490 nm (Tecan Infinite 200 PRO multimode plate
reader). The cell viability was calculated as below, where X
corresponds to the absorbance of liposome treated cells. Data
are shown in ESI Fig. S4.f Further experiments were hence
conducted using aLAy- and aLA,-DiO&Dil liposomes at total
lipid concentrations below 1 mM.

X — positive control
negative control — positive control
X 100

Cellviability =

18380 | Nanoscale, 2025, 17,18377-18391
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Liposome interaction with cells assessed by fluorescence
spectrophotometry

A549 cells were seeded in 24-well plates at a density of 5 x 10*
and incubated until 80% confluency prior to incubation with
the tested formulations. The cells were incubated for 4 hours
(5% CO,, 37 °C, and with 95% relative humidity) with oLA,-
DiO, aLA,-Dil, and aLAy-DiO&Dil liposomes and oLA,,-DiO,
aLA,o-Dil, and oLA,,-DiO&Dil liposomes. The cells were then
washed twice with 10 mM PBS (pH 7.4). The cells were fixed
with 4% PFA for 10-15 minutes. The fixed cells were washed
twice with 10 mM PBS (pH 7.4) and incubated with 300 pl of
10 mM PBS (pH 7.4). Liposome association with cells was
assessed by reading the fluorescence (Tecan Infinite 200 PRO
multimode plate reader) at ey = 460 nm and Ae,, = 505 or
565 nm. FRET ratios were calculated as described in specific
experiments and relevant figures.

Liposome interaction with cells assessed by flow cytometry

A549 cells were seeded in a 24-well plate at a density of 5 x 10*
and incubated until 80% confluency prior to their incubation
with the tested formulations. The cells were exposed for 4 h
(5% CO,, 37 °C, and with 95% relative humidity) to the tested
liposomes: aLAy-DiO, aLAy-Dil, aLAy-DiO&Dil and oLA,,-DiO,
aLA,o-Dil, and aLA,,-DiO&Dil liposomes. The tested samples
were removed, the cells were washed twice with prewarmed
10 mM PBS (pH 7.4), and then detached using 300 pul of 2.5%
trypsin-EDTA. The suspensions were diluted with 300 pl of
fresh medium to inactivate trypsin. These suspensions were
centrifuged at 1200 rpm for 5 minutes. The pellets were fixed
with 200 pl of 4% v/v paraformaldehyde (PFA) for 10-15 min
and then diluted with 300 pl of 10 mM PBS (pH 7.4). Cellular
association of the liposomes was assessed using a SONY
ID7000 flow cytometer and analysed using Kaluza Analysis
Software. The FRET ratio was calculated as a ratio of the fluo-
rescence intensity values of DiO emission in DiO-liposomes
(Ip) relative to DiO emission fluorescence from DiO&Dil-lipo-
somes (Ipa) upon excitation at Aep, 488 nm using the following
equation:

T
FRET ratio = 1 — 22
D

Liposome interaction with cells assessed by confocal laser
scanning microscopy

To acquire fluorescence images by confocal laser scanning
microscopy (CLSM), Nunc™ Lab-Tek™ II Chambered
Coverglass 8 wells were used. The cells were seeded at a
density of 5 x 10* and incubated until 80% confluency prior to
the incubation with the tested formulations. The cells were
incubated for 4 h (5% CO,, 37 °C, and with 95% relative
humidity) with aLAy-DiO, aLA,-Dil, and oLA,-DiO&Dil lipo-
somes and oLA,(-DiO, oLA,,-Dil, and oLA,(-DiO&Dil lipo-
somes. The cells were then washed once with 10 mM PBS (pH
7.4), and the plasma membrane was stained by the addition of
Deep red CellMask™ before the cells were fixed with 4% v/v
PFA. The cells were then washed once with 10 mM PBS (pH

This journal is © The Royal Society of Chemistry 2025
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7.4), and the nuclei were stained with DAPI. The images were
collected using Leica TCS SPE high-resolution spectral con-
focal microscopy. All images were analysed using Fiji image J
analysis software by only adjusting the brightness and con-
trast. For the co-localization, the Jacob plugin was used
between the fluorescent liposomes applied on the cells and
the plasma membrane staining. This statistical analysis is
used to quantify the similarity, or correlation between the pixel

intensity of two ‘colours’.?

Statistical analysis

Data are normally presented as the mean + standard deviation
(SD), or + standard error of mean (SEM) from three or four
replicates. Analysis of variance (ANOVA) test with Tukey’s mul-
tiple comparisons of means between groups was typically
employed; a P value of <0.05 was considered statistically sig-
nificant. The notations used in the presentation of statistical
significance: ****, *** ** and * correspond to p-values of p <
0.0001, p < 0.001, p < 0.01, and p < 0.05, respectively.

Results and discussion

Composition and physicochemical characterization of
liposomes

Considering lipid compositions of liposomes used in this
study, o-linolenic acid («-LA) was incorporated into liposomes
comprising DSPC, cholesterol and DOPE (Table 1), the lipid
components typically used in liposomes and lipid nano-
particles intended for drug delivery.”® Addition of cholesterol
would be expected to increase the packing of lipid molecules
in a lamellar bilayer, while added sphingomyelin would be
expected to, with cholesterol, form phase separated sphingo-
myelin-cholesterol rich domains (‘raft').>* Regarding mem-
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brane fusion, it has been proposed that phase-separated
domains containing cholesterol mediate close approach of the
apposing membranes, whereby molecular packing defects at
the domain boundaries mediate hydrophobic interaction and
membrane fusion.'®*® DOPE is demonstrated to promote the
formation of a negative curvature in the bilayer structure, with
the presence of DOPE and cholesterol facilitating membrane
fusion through an increase of curvature stress, the promotion
of the highly curved inverted hexagonal phase (Hy), and the
reduction of the energy required to dehydrate the membrane
and facilitate a close bilayer contact.>®

Fig. 1 summarizes the physicochemical properties of aLA-
liposomes. The data show liposomes with an average diameter
in the sub-200 nm size range, with a relatively narrow particle
size distribution (polydispersity index < 0.2). This particle size
is typically used in the design of delivery systems for intracellu-
lar drug delivery and is amenable for cellular internalisation
via endocytosis — important for this work in the view of a
‘control’ system undergoing endocytosis.”” Particle size
decreases with the incorporation of a-linolenic acid, compared
to aLAy-liposomes; a reduction from 182 + 6.7 nm for 0 mol%
aLA in aLA,-DiO&Dil to 146 + 3.3 nm for 40 mol% oLA con-
taining aLA,,-DiO&DIilI liposomes. This decrease is statistically
significant and indicates the effect of aLA on the lipid bilayer
assembly and behaviour.

It should be noted that intensity, number, and volume par-
ticle size distribution profiles (ESI, Fig. S1}) indicate the
absence of species in a size range of around 10 nm which, if
present, would indicate the existence of assemblies (micelles)
that could form from a-linolenic acid molecules present in an
aqueous medium.*® This also suggests that the incorporation
of a-linolenic acid into liposomes has occurred.

Fig. 1 further shows that the modulus of the negative zeta
potential gradually increases from —4.6 + 1.9 mV for oLA,-

aLA (mol%)
0 10 20 30 40
c 1 L 1 L L
; 5] :q._:
ES T
= 4| |
=10 . -
g £ # ]
2 ¥
ﬁ -20- ik
-25

Fig. 1 Liposomes’ average hydrodynamic particle diameter and polydispersity index (PDI), and zeta potential. The data for aLA-DiO&Dil liposomes
containing different mol% of aLA ranging from 0 to 40 mol% are presented. The measurements were on three replicate formulations (N = 3), and
each replicate was measured four times (n = 4), average + SEM. Statistical analysis 2-way ANOVA with Tukey's multiple comparison test.
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DiO&Dil (0 mol% of oLA) on the addition of increasing mol%
of a-linolenic acid, reaching —20.3 + 1 mV for aLA,,-DiO&Dil
liposomes, measured in 10 mM PBS buffer (pH 7.4). The trend
can be ascribed to deprotonation of the carboxylic acid group
of o-linolenic acid in pH 7.4 buffer, pointing again to the
a-linolenic acid incorporation into the liposomes’ lipid bilayer.
In general, zeta potential values are relatively low (Fig. 1), and
below values are usually considered necessary to provide
electrostatic stabilization of a colloidal dispersion. Colloidal
stability of the liposomes, as indicated by narrow particle size
distribution and low polydispersity index (Fig. 1 and ESI
Fig. S11), could be attributed to the ‘hydration force’ of surface
adsorbed hydrated ions from the dispersion medium used?”
and contribution of the residual charge (‘smeared charge’) of
the zwitterionic heads of phospholipids.*®~?

In the context of the current study, it is important to notice
that variations in the surface charge (zeta potential), as well as
the nature of this charge, have been shown to significantly
influence liposome interactions with, and internalisation by
cells in the culture.®* For example, mechanisms of internalis-
ation for zwitterionic (DOPC) and negatively charged (DOPG)
liposomes in HeLa cells were found to be mediated by

View Article Online
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different endocytosis pathways.>* Here the incorporation of
increasing levels of a-LA creates liposomes with increasingly
negative surface charge (Fig. 1), which could influence their
interactions with lipid bilayer membranes and should be con-
sidered during the data interpretation. Regarding liposome-
cell membrane fusion, previous research reported that nega-
tively charged liposomes, particularly those containing phos-
phatidylserine (PS), can induce significant fusion with the cell
membrane, whilst liposomes containing phosphatidylcholine
(PC) do not typically induce such fusion.’

Quantification of aLA incorporation into liposomes by 'H
NMR

The '"H NMR spectrum (Fig. 2) shows a characteristic peak of
a-linolenic acid at 2.78 ppm,* with a triplet indicating that the
protons responsible for this peak are surrounded by two neigh-
bouring protons. There are 4 such protons in a-linolenic acid
(highlighted in red in Fig. 2). As an internal standard, benzoic
acid was added in a known amount to the liposome samples.
The peaks of benzoic acid are evident in the spectrum, and the
proton peak at 7.6 ppm (highlighted in red in Fig. 2) was used
for calculations, as described in the Methods section.®® The
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Fig. 2 Quantification of a-linolenic acid in liposomes using *H NMR spectroscopy. *H NMR spectra of DiO&Dil-liposomes containing different
molar percentages of a-linolenic acid (aLA) ranging from 0 to 40 mol%. The liposomes were freeze dried and dissolved in CDCls and 0.5 mg benzoic
acid (BA) added as a reference standard. The a-linolenic acid and benzoic acid integrated peaks were used for the quantification. The red boxes rep-
resent the protons of aLA and BA. Content of a-linolenic acid, and incorporation efficacy into liposomes shown in the table is expressed as percen-
tages of the a-LA content compared to the original concentrations added during liposomes preparation. The experiment was performed with three

replicates (N = 3).

18382 | Nanoscale, 2025, 17,18377-18391

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr00560d

Open Access Article. Published on 07 July 2025. Downloaded on 4/7/2026 10:03:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

data show that the incorporation efficacy of a-linolenic acid in
the liposomes was relatively high (Fig. 2, table). The experi-
mentally determined molar ratio of oLA in liposomes is hence,
in general, in line with the input, apart from oLA;y-liposomes;
for simplicity, we hence refer to liposomes using their input
oLA content.

The effect of incorporation of a-linolenic acid on the fluidity
of the liposomal membrane

The effect of a-linolenic acid (aLA) incorporation on the mem-
brane fluidity of liposomes was assessed using a classical
laurdan generalized polarization analysis.***” The results, pre-
sented in Fig. 3, reveal a decrease in the generalized polariz-
ation (GP) values of laurdan as the content of aLA in lipo-
somes increases, relative to liposomes containing no aLA. GP
values are indicative of the lipid bilayer’s structural order,
whereby the higher the value the more ordered the structure.®®
The data hence indicate that there is an increase in the lipid
bilayer fluidity as the content of aLA in liposomes is increased.
A looser packing due to the incorporation into the lipid bilayer
of lipids with unsaturated acyl chain (linolenic acid contains 3
cis double bonds, Fig. 2) has been reported to lead to a dis-
ordered membrane structure and promotion of hexagonal
phase packing of the liquid crystalline phase.’® In turn, fusion
efficiency between membranes was shown to depend on mem-
brane fluidity parameters, such as membrane viscosity and
bending rigidity.>® For instance, recent molecular dynamics
simulations revealed that the inner leaflet of the plasma mem-
brane is more fusogenic than the outer one due to the high
fraction of unsaturated lipids and high fluidity.*°

The data (Fig. 3) further indicate a significant increase in
the bilayer fluidity with an increase in temperature, in agree-
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ment with previous studies.>*"*> One should note a highly sig-
nificant increase in the membrane fluidity (decrease in GP) for
liposomes at 37 °C, the temperature at which membrane
fusion studies were conducted both with a simple membrane-
model system and cells in culture.

To assess the balance in liposome membrane fluidity,
potentially resulting in an increase in membrane permeability,
and their ability to carry incorporated cargo, carboxyfluores-
cein (CF) assay, accepted in the field as a routine method for
assessing membrane permeability, was conducted (Fig. 3). In
general, the profiles show relatively low levels of CF leakage
from liposomes, below 10% in a 2-hour experiment. The CF
release increases with an increase in the aLA content and the
incubation temperature, as it would be expected from laurdan
generalized polarization data (Fig. 2) and was previously
reported.*’ The data hence indicate the ability of the designed
liposomes to incorporate and retain, for a period of time, a
water-soluble cargo.

The effect of a-linolenic acid on membrane fusion

In this experiment, a-linolenic acid-containing liposomes,
which incorporate DiO and Dil FRET pair probes, i.e. aLAy-,
aLA;o-, aLAyg-, aLAze-, and aLA4,-DiO&Dil liposomes, were
incubated with simple membrane-model liposomes (Table 1
and ESI Fig. S1t) at 37 °C. The composition of simple mem-
brane-model liposomes (DOPC, DSPC and cholesterol) was
selected, as previous studies of this three-component system
demonstrate complex phase behaviour and phase co-existence.
DOPC shows unfavourable interactions with cholesterol and
DSPC, which results in macroscopic liquid/liquid separation in
various compositions.>>***> Mixtures of cholesterol with one
phospholipid with a relatively high melting temperature
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(a) Laurdan generalized polarization (GP) of liposomes with different a-linolenic acid («LA) content measured at three different temperatures.

Fluorescence of alAp-, aLAjp-, aLAzo-, aLAszg-, and alLA4o-DiO&DIl liposomes measured after 1 h of incubation at 4 °C, room temperature (RT—
20 °C), and 37 °C at Aemy 440 nm and dem 490 Nm after excitation Ao 360 nm. GP calculated from intensities /449 and I490. The experiment was per-
formed with four formulation replicates (N = 4), and each replicate was measured three times (n = 3) + SEM. (b) The effect of aLA content on the
permeability of liposomes to carboxyfluorescein (CF). The CF release (%) was measured at a 2 h time point at different temperatures. The experiment
was performed with three replicates (N = 3), and each replicate was measured five times (n = 5), average + SEM. Statistical analysis 2-way ANOVA

with Tukey’s multiple comparison test.
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(DSPC) together with another phospholipid with a relatively
low melting temperature (DOPC) are viewed as useful models
for the outer leaflet of cell plasma membranes, as they contain
a representative compound from each of the three major mem-
brane constituent groups.**

Fig. 4 summarizes calculated FRET ratios for the tested
systems. For aLA,-DiO&Dil liposomes (containing no aLA), the
FRET value is high (0.86 + 0.02) and it does not appreciably
change following incubation with simple membrane-model lipo-
somes for 24 hours at 37 °C. For aLA-containing liposomes,
aLA;g-, LAy, aLAze- and alA,,-DiO&Dil-liposomes, the data
reveal a more complex picture. Here, a significant decrease in
FRET values is seen even before the incubation of aLA-liposomes
with simple membrane-model liposomes (Fig. 4a), apart from
low aLA content liposomes, aLA;,. There is no significant
further decrease in FRET ratios after the 24-hours incubation at
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37 °C. For high oLA content aLA,-liposomes the FRET values
might even appear somewhat increased on mixing with simple
membrane-model liposomes, although this is not statistically
significant. The observed absence of a significant change in the
FRET ratio after liposome mixing would suggest that membrane
fusion between the oLA-containing liposomes and simple mem-
brane-model liposomes has not occurred. In contrast, cryo-TEM
images (Fig. 5) indicate the presence of membrane ‘docking’
and liposomal membrane ‘unions’ which are consistent with the
cryo-TEM images in the literature, in terms of morphological
appearance of liposomal membrane fusion.*®*’ Namely, the
images for mixture of aLA,,-containing and simple membrane-
model liposomes show examples of extensive membrane contact
zones what is potentially an intermediate state of vesicle fusion
in which the deformation of round liposomes would be separ-
ated by a single bilayer. This observation would agree with the
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Fig. 4 FRET ratios of liposome systems before and after mixing. (a) aLA-DiO&Dil-liposomes mixed with non-fluorescent liposomes (simple DSC
liposomes, table). aLA-DiO&Dil-liposomes with different mol% of alLA ranging from 0—40 mol% were used. (b) FRET ratios of DiO&Dil-liposomes fol-
lowing mixing with a-LA containing liposomes. aLA-liposomes with different mol% of aLA ranging from 0—40 mol% were used. For (a) and (b) the
fluorescence was measured immediately following mixing, at approximately 10 minutes (denoted as ‘@0 h') and after 24 hours (@24 h) incubation at
37 °C with. The FRET ratios were calculated from: Ip;/(Ipio + Ipi) where o and Ip; are the fluorescence emission intensities of DiO at e, = 505 nm
and Dil at Ao, = 565 nm. The experiment was performed with four replicates (N = 4), and each replicate was measured three times (n = 3); average +
SEM; statistical analysis 2-way ANOVA.

alLA,-DiO&Dil

alLA,,-DiO&Dil and simple membrane-model liposomes

LA A ' B

Fig. 5 Cryo-TEM images for the mixing of aLA,o-DiO&Dil liposomes and simple membrane-model liposomes (scale bar 200 nm). Red arrows point
out the membrane fusion events. The sample of liposome containing no aLA (LA DiO&Dil) is also shown.

18384 | Nanoscale, 2025, 17,18377-18391 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr00560d

Open Access Article. Published on 07 July 2025. Downloaded on 4/7/2026 10:03:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Paper

lipid-stalk model within the hemi-fusion pathway, which o-linolenic acid on increasing liposomal membrane fluidity, as
includes a diaphragm formed between the inner leaflets of the evident from the laurdan GP experiment (Fig. 3). Namely, it has
two membranes. been reported that FRET is affected by the orientational freedom

The observed reduction in FRET on increased aLA content in  of the donor and acceptor probes incorporated within the lipid
the liposomal bilayer may possibly be ascribed to the effect of bilayer membranes, the membrane composition, and phase sep-
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Fig. 6 Calculated FRET ratios for aLAg-DiO&Dil and aLA,o-DiO&Dil liposomes in graphs (a) and (b). FRET ratios were calculated as the ratio of the
fluorescence intensity values of DiO emission in DiO-liposomes relative to DiO fluorescence emission from DiO&Dil-liposomes as: 1 — (Ipa/lp).
where Ipp and I are fluorescence intensity of DiO in the DiO-liposome and in DiO-Dil liposomes. (a) FRET ratios calculated from fluorescence spec-
trophotometry measurements of DiO donor emission at A, 505 nm upon excitation at 1, 460 nm. (b) FRET ratios calculated from the flow cytome-
try analysis; donor excitation at l., 488 nm and emission reading using filter at le,, 506—554 nm. The experiment was performed with three repli-
cates (N = 3), and each replicate was measured three times (n = 3), average + SEM. Statistical analysis one-way ANOVA. (c) Histogram plots of the
flow cytometry analysis of liposomes applied to the A549 cell line for 4 h at 37 °C. The samples were measured at green DiO (lex = 488 nm and Aem
= 506-554 nm), red Dil (lex = 561 nm and Aem = 566—590 nm), and FRET (lex = 488 nm and A¢n = 566—590 nm) channels.
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aration within the membrane.*® For instance, for coumarin dyes
(as used here) the efficiency of energy transfer between the
donor and acceptor was found to be dependent on the mem-
brane fluidity, which authors experimentally changed by temp-
erature changes.”® The effect was more significant in the case of
the C-153-Rh6G pair than the C-151-Rh6G pair, and attributed
to different locations of the dyes inside the lipid bilayer. It is
beyond the scope of this study, but further experiments, as con-
ducted by Ghatak et al,*® would be required to understand the
effect that aLA incorporation into lipid bilayer has on the DiO
and Dil FRET probes interplay and behaviour. Furthermore, one
would need to consider a complex interplay between the mem-
brane composition and the preference for probe incorporation.>
For instance, DiO was reported to incorporate more efficiently
into liquid disordered phases (as present in aLA-liposomes)
compared to gel phases.*®

The ‘opposite’ experiment was hence designed where non-
DiO&Dil-aLA;_4o-liposomes (liposomes that contain different
mol% of aLA, but no FRET pair DiO and Dil) were mixed with
DiO&Dil-simple membrane-model liposomes (FRET dyes con-
taining simple membrane-model liposomes that do not
contain aLA). This experiment (Fig. 4b) shows a statistically
significant decrease in FRET ratios following mixing for
aLAyy_40 liposomes with simple membrane-model liposomes,
clearly indicating that the fusions between liposomal mem-
branes occurred, an event that was absent for liposomes
without aLA. The increased propensity for membrane fusion
with an increase in the local membrane disorder,”” could
explain the observed difference in the membrane fusion of
aLAyp_40 liposomes, that possess higher membrane fluidity/
disorder, relative to the lack of membrane fusion for liposomes
without aLA.

View Article Online
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Assessment of liposome interactions with cells in culture

aLA,, — liposomes were used to assess interactions with cells
in in vitro cell culture, however to follow their potential fusion
with the cell plasma membrane and overcome the impact of
LA incorporation on FRET (Fig. 4a), the experiment was
designed such that the FRET ratio was calculated from DiO
donor emission in DiO&Dil-containing oLA-liposomes, before
and following application to cells, relative to DiO emission
from DiO-only containing liposomes (Fig. 6). The liposome
interactions with A549 cells were quantitatively analysed by
both fluorescence spectroscopy readings and flow cytometry
(Fig. 6a and b).

Data obtained from fluorescence spectroscopy show that
FRET ratios for both aLAy- and aLA,,-DiO&Dil liposomes fol-
lowing cell exposure are reduced from 0.91 + 0.02 and 0.85 *
0.08, to 0.31 + 0.04 and 0.43 + 0.05, respectively (Fig. 6a). This
reduction in FRET (i.e. an increase in donor DiO emission
from DiO&Dil-liposomes which would occur on separation of
the FRET pair) indicates that changes in the liposomal lipid
bilayer structure occurred for both sets of liposomes following
their 4-hours incubation with cells. Data from the analysis by
flow cytometry corroborate with fluorescence spectroscopy
data (Fig. 6b and histogram plots); these also show a decrease
in the FRET ratios of both sets of liposomes upon incubation
with A549 cells, relative to a control (also in ESI Fig. S57).
Interestingly, the cell population data (Fig. 6c) illustrate a sig-
nificantly higher association of aLA,,-containing liposomes
with cells, relative to aLAy-liposomes (e.g. MFI values for DiO-
labelled liposomes of ~142 000 vs. 70 000, respectively), which
one can consider important from the efficiency in drug deliv-
ery perspective.

FRET
LA , DiO LA 5, DIO
Liposomes Liposomes ; g
LA, Dil LA 5 Dil
Liposomes Liposomes
LA , DiO&Dil LA ,, DIO&Dil
Liposomes Liposomes

Fig. 7 Confocal fluorescence microscopy images of A549 cells after 4 h of incubation with aLAg-DiO, aLAp-Dil, and aLAg-DiO&Dil and alLAe-DiO,
aLAzo-Dil, and aLA,o-DiO&Dil liposomes at 37 °C. The cells were stained with CellMask™ deep plasma membrane stain (red) and DAPI nuclear stain
(blue). Scale bar = 20 pm (63x magnification). The samples were imaged at green (lex = 488 nm and Ay, = 490-520 nm), red (Aex = 532 Nm and Aem,

= 545-580 nm), and FRET (1, = 488 nm and A¢ = 545-580 nm) channels.

18386 | Nanoscale, 2025, 17,18377-18391

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr00560d

Open Access Article. Published on 07 July 2025. Downloaded on 4/7/2026 10:03:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Paper
Assessment of liposome interactions with cells by confocal higher fluorescence compared to their aLA, counterparts, con-
laser scanning microscopy sistent with the flow cytometry data presented in Fig. 6.

Considering the distribution of fluorescence, the images
Confocal laser scanning microscopy was employed to visualize for aLAyliposomes show fluorescence throughout the cells
interactions between liposomes and cells (Fig. 7). The images and predominantly within the cytosol and perinuclear region
demonstrate a ‘pebble’ morphology of rounded or ovoid of the cells. In contrast, the images of aLA,,-liposomes reveal
shapes of nuclear staining, indicative of healthy epithelial fluorescence primarily localised at the cellular membrane,
cells®® (ESI Fig. S21). Importantly, A549 cells incubated with with some presence in the cytoplasm (as further illustrated in
aLA,y-DiO, -Dil, or -DiO&Dil liposomes exhibit significantly Fig. 8) following 4 hours of incubation. These observations

o
(-]
N
::|
@
=
@
::|
2
2
@
o
®

Pearson Correlation Coefficient
o {
e
t
S
Pearson Correlation Coefficient
o
er

ns ns

e
o
®

o
o
1
o

L 2

—o—
——i

o
()
h

e
i

e
=)

0.0 T T T T T

Fig. 8 The Pearson correlation coefficient values for liposomes applied to A549 cells. The coefficient values indicate the degree of colocalization
between DiO, Dil, or DiO&Dil fluorescent probes in liposomes and the cell membrane dye, CellMask deep red, as analysed from (a) 2D and (b) the
z-stacks of images (as illustrated in the confocal image in c). The analysis was performed at a magnification of 40x and 63x using the Jacob plugin
in ImageJ software. The experiment was conducted as three replicates (N = 3) with at least two images per replicate (n = >2) whereby the lowest
number of cells in one image was 5 cells and a total of >40 cells were analysed. Statistical analysis one-way ANOVA. (c) Confocal fluorescence
images of z-stack micrographs of A549 cells after 4 h of incubation with 20 mol% aLA-DiO&Dil liposomes at 37 °C. The cells were stained with the
CellMask™ deep red plasma membrane and blue DAPI nuclear stain. The samples were imaged at the FRET channel (lex = 488 nm and Aem =
545-580 nm). Scale bar = 20 pm (63x magnification).
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suggest that oLA,y-liposomes preferentially fuse with the
plasma membrane rather than undergoing endocytosis.
Hence, aLAy-liposome interactions with cells and subsequent
events differ significantly from those of non-aLA-liposomes.

Pearson’s correlation coefficient analysis of the confocal
microscopy images shown in Fig. 8 includes the coefficient
values obtained from both 2D and z-stack images (illustrated
in Fig. 8) based on pixel intensities for the fluorescent lipo-
somes and cell membrane staining with CellMask. The calcu-
lated correlation coefficient values for aLA,-liposomes are 0.33
+0.06, 0.31 + 0.08, and 0.27 + 0.10 for DiO, DiI, and DiO&Dil
liposomes, respectively. These values indicate a weakly positive
correlation,”® ** suggesting minimal association of fluorescent
liposomes and the cell membrane. In contrast, for aLA,,-lipo-
somes the correlation values are 0.60 + 0.12, 0.57 + 0.15, and
0.50 + 0.09 for DiO, Dil, and DiO&Dil respectively. These
values demonstrate a stronger level of positive correlation,
demonstrating a significant correlation in localization of the
cell membrane dye and the liposome incorporated dye. This
points to a significant role of a-linolenic acid in driving lipo-
some—-cell membrane interactions whereby we show that the
incorporation of unsaturated a-linolenic acid into the liposo-
mal lipid bilayer increased the membrane fluidity which pro-
motes lipid packing defects.”® The latter are considered essen-
tial for the membrane fusion process to occur.>

Importantly, aLA,,-Dio&Dil-liposomes exhibit a distinct,
heterogeneously distributed pattern of FRET fluorescence
puncta located at the A549 cells (Fig. 7). This aligns with a pro-
posed mechanism of membrane fusion which describes
merging of lipid membranes as a very site-restricted process
that involves defects.”® For instance, a recent study on inter-
actions of fusogenic liposomes with model membranes (with
binary lipid composition and hence the presence of phase sep-
aration and defects) shows that, in a regime of low concen-
tration of liposomes, their fusion with the model membrane
appears as diffraction-limited dots at specific locations of the
model membrane.*® One should also consider that, impor-
tantly for the observations in this study, cholesterol, which is
present in the liposomes was used and in the cell plasma
membrane, it was shown to mildly reduce the membrane
fusion efficiency, but it strongly increases the resilience of
membranes against fusion-dependent membrane disruption.®”
Given the mosaic morphology of cell membranes, featuring
liquid-disordered (fluid) and liquid-ordered (lipid raft)
regions, this pattern might indicate an affinity of aLA - con-
taining liposomes for specific membrane domains.’®**° The
observations here further agree with previous reports, by us
and others, regarding the heterogeneous nature of events
occurring at the lipid bilayers with complex composition and
cell plasma membrane.®°

Conclusions

This study demonstrates that the incorporation of unsaturated
a-linolenic acid (aLA) into the liposomal lipid bilayer, as
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judged from "H-NMR spectroscopy, impacts lipid bilayer
packing, as indicated by an increase in the fluidity of the lipo-
somal lipid bilayer measured by the laurdan emission assay.
The increased fluidity, impact of aLA on the lipid packing, and
the presence of lipid domains in the liposomes used here
likely create membrane defects and, in this way, promote
fusion of aLA liposomes with a simple model-membrane and
cell plasma membrane, as indicated by Forster Resonance
Energy Transfer (FRET) analysis. Application of confocal
microscopy reveals that FRET fluorescence from oLA contain-
ing liposomes is preferentially localized at the cell plasma
membrane, rather than cellular internalization seen for their
non-aLA counterparts, pointing to a preferential liposomal
membrane fusion with the plasma membrane. Importantly,
the FRET-oaLA containing liposomes show a heterogeneously
distributed pattern of fluorescence puncta at the cell mem-
brane, even at 4 hours of incubation, suggesting that the
fusion is a site-restricted process that might be occurring pre-
ferentially at certain membrane domains. These findings are
important in providing fundamental understanding in
designed drug delivery systems capable of achieving direct
cytoplasmic delivery of active compounds, whereby future
studies will need to be focused on the selectivity of a fusion
location with the cell plasma membrane, the mixing of lipo-
some content with cell cytosol, and such a designed system’s
potential for drug delivery.
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