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ABSTRACT: Investigating the interaction between liposomes and proteins is of
paramount importance in the development of liposomal formulations with real potential
for bench-to-bedside transfer. Upon entering the body, proteins are immediately
adsorbed on the liposomal surface, changing the nanovehicles’ biological identity, which
has a significant impact on their biodistribution and pharmacokinetics and ultimately on
their therapeutic effect. Albumin is the most abundant plasma protein and thus usually SIS
adsorbs immediately on the liposomal surface. We herein report a comprehensive ..
investigation on the adsorption of model protein bovine serum albumin (BSA) onto I | N g
liposomal vesicles containing the zwitterionic lipid 1,2-dipalmitoyl-sn-glycero-3- = || AN
phosphocholine (DPPC), in combination with either cholesterol (CHOL) or the = 3 | 8
cationic lipid 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP). While many = [ 3
studies regarding protein adsorption on the surface of liposomes with different
compositions have been performed, to the best of our knowledge, the differential
responses of CHOL and DOTAP upon albumin adsorption on vesicles have not yet been investigated. UV—vis spectroscopy and
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) revealed a strong influence of the phospholipid membrane
composition on protein adsorption. Hence, it was found that DOTAP-containing vesicles adsorb proteins more robustly but also
aggregate in the presence of BSA, as confirmed by DLS and TEM. Separation of liposome—protein complexes from unadsorbed
proteins performed by means of centrifugation and size exclusion chromatography (SEC) was also investigated. Our results show
that neither method can be regarded as a golden experimental setup to study the protein corona of liposomes. Yet, SEC proved to be
more successful in the separation of unbound proteins, although the amount of lipid loss upon liposome elution was higher than
expected. In addition, coarse-grained molecular dynamics simulations were employed to ascertain key membrane parameters, such as
the membrane thickness and area per lipid. Overall, this study highlights the importance of surface charge and membrane fluidity in
influencing the extent of protein adsorption. We hope that our investigation will be a valuable contribution to better understanding
protein—vesicle interactions for improved nanocarrier design.
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1. INTRODUCTION when liposomes, but not limited to, are quickly opsonized and
As current advances in nanotechnology and materials science clear(—;d by macrophages, thereby limiting their circulation
allow for the continuous development of complex drug time.” The composition of the protein corona is affected by a
carriers, often with multifunctional purposes, there has been plethora of factors including vesicle size, charge, and lipid
an increasing interest in describing the exact details of composition.” In this context, stealth liposomes prepared by
nanovehicle selective responses to specific biological micro- coating the vesicles with polymers and polysaccharides are a
environments.' Lipid nanocarriers such as liposomes are strategy used in the development of liposomal formulations for
currently regarded as one of the most promising transport stability improvement. Yet, the use of molecules that are
systems for precise drug delivery.” Yet, basic aspects regarding incorporated inside the bilayer without coating with macro-
the interactions between liposomes and blood components, molecules is equally reported.w’n For this work, we chose to
which play a major role in nanoparticle stability and kinetic investigate the stability of the prepared liposomes by

properties, are often not exhaustively described.?

Upon entering a biological environment, liposomes become
coated by a dynamic layer of proteins, known as protein
corona, which often controls particle transport properties.”
This topic has stimulated a lot of discussions in the scientific
community.”~” The proteins attached to the liposomes upon
entering the body change the biological identity of the
nanovehicles, and therefore, their stability, biodistribution,
and pharmacokinetics are changed as well. There are situations

incorporating various amounts of CHOL or DOTAP followed
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by their behavior in the presence of albumin. Although not the
subject of the current investigations, it is worth mentioning
that not all adsorbed proteins have a negative impact on the
stability of liposomes and their circulation in the bloodstream.’
Therefore, exploring the tumor-targeting ability of proteins
coating liposomes is a strategy for improving the accumulation
of drug-loaded liposomes at the tumor site. In addition, the
protein shell(s) can act as additional controlling layers of drug
release behavior, thus improving the ability of carrier-
controlled release. Albumins are the most abundant soluble
components in plasma, having many physiological functions,
including binding and transport of a wide variety of
compounds. Since albumin is usually one of the most
frequently identified proteins in the protein coronas of
nanocarriers,> understanding the driving forces behind
albumin and lipid vesicle interaction could contribute to
novel nanocarrier design for improved drug delivery and
reduced immune recognition. Notably, it has been recently
demonstrated that nanocarrier surface chemistry can be
modulated to either stabilize or denature the structure of the
adsorbed albumin. This modulation will then either promote
immune evasion or lead to nonspecific clearance in vivo."> In
addition, conflicting evidence exists in terms of the types of
molecular forces involved in albumin stabilization at the
liposomal surface. For example, Yokouchi et al. found that
albumin adsorbed on uncharged DPPC and negatively charged
DPPC/DPPG mixed liposomes, but not on pure negatively
charged DPPG vesicles or positively charged DPPC/SA or
DPPC/DCP liposomes.'* They concluded that the hydro-
phobic interaction is most likely the driving force behind
liposome-BSA stabilization. Kristensen et al. also propose that
albumin prefers to interact with hposomal hydrophobic
domains, exposed through packing defects.'® Tretiakova et
al, on the other hand, found that albumin adsorption on
liposomes with various compositions primarily affects lipid
polar headgroups by disrupting surface water hydrogen-
bonding networks, leading to the formation of novel hydrogen
bonds between lipid headgroups and the protein surface.'®
Albumin adsorption to DMPC vesicles has also been described
as being governed by electrostatic interactions by the work of
Sabin et al,, although hydrophobic interactions, mainly due to
bilayer core penetration by the protein, are also acknowl-
edged.”

For preparation of liposomes with marketable value, long-
term stability is critical.'® One of the key factors affecting this
property is the degree of unsaturation of the carbon chain. It is
well acknowledged that unsaturation is prone to oxidation and
thus to degradation. Therefore, liposomes made of natural
phospholipids with a high unsaturation degree are expected to
have a shorter life. To address this limitation, phospholipids
with as low a degree of unsaturation as possible would be a
more suitable choice for providing liposomes with a high level
of clinical translation.'””" Indeed, there are already commer-
cially approved liposomes made of saturated phospholipids,
such as AmBisome, Lipo-Dox, or with only one unsaturated
bond in the carbon chain, such as Visudyne.'"” Considering
this, we selected the saturated carbon chain-containing DPPC
as the main lipid in the composition of the prepared liposomes
in the current study.

Cholesterol (CHOL) is the most abundant lipid species in
animal cell membranes, with a typical concentration of 20—30
mol %, and up to 70 mol %, depending on cell type.”’
Numerous studies have shown that the presence of CHOL in

bilayer structures can induce important structural changes,
which can have an impact on protein binding. This includes
increased headgroup spacing and hydratlon, > increased
hydrophob1c1ty in the membrane core,” increased bilayer
thickness,”* as well as increased nanocarrier stability through
membrane fluidity modulation.”> The ability of CHOL to
interfere with phospholipid packing has also been demon-
strated to influence drug encapsulatlon by directly affecting
membrane permeability.”® In POPC/POPS membranes,
CHOL was found to modulate the binding of a retroviral
Gag protein by inducing structural changes in the bilayer which
promote electrostatic interactions between protein lysine
residues and lipid headgroups.”” However, the authors did
not find any evidence of a direct interaction between the
protein and CHOL, thus excluding hydrophobic contact
stabilization, and postulated that the observed enhanced
protein binding is caused by CHOL’s ability to affect the
electrostatic and solvation properties of the membrane while
condensing the membrane area.

DOTAP is one of the most widely used cationic lipids in
liposomal transfection reagents due to its ability to form stable
complexes with nucleic acids (called lipoplexes) and fuse with
the cell membrane to release its encapsulated cargo in the
cytosol.”® In addition, many DOTAP-containing liposomes are
currently under clinical investigation for cancer gene therapy.”
DOTAP incorporation into liposomes has been shown to
increase membrane fluidity when compared to CHOL* and
improve nanocarrier uptake in cell cultures through direct
binding to negatively charged cell membranes.”” Coating
cationic lipoplexes with albumin was shown to improve
transfection efficiency in a dose-dependent fashion,”" although
the exact details of albumin binding to vesicles were not
described. A subsequent investigation on the differential
binding behavior of BSA to CHOL and DOTAP, as well as
other cationic or negatively charged lipids, revealed that BSA
attaches to lipids via both hydrophilic and hydrophobic
interactions, with similar overall binding constants.”” The
study also showed that DOTAP alone could induce BSA
partial protein unfolding, while CHOL stabilized protein
structure apart from controlling the stiffness of the membrane,
which is another critical parameter for liposomal formulations
and for carriers in general’** CHOL incorporation in
lipoplexes has been shown to decrease serum protein
adsorption® and enhance the resistance of lipoplexes to
serum-induced aggregation.?'6

While many studies regarding protein adsorption on the
surface of liposomes with different compositions have been
performed, to the best of our knowledge, the differential
behavior of CHOL and DOTAP upon albumin adsorption on
vesicles has not yet been investigated. We herein report the
interaction of model protein BSA with liposomal vesicles
containing the zwitterionic lipid DPPC and either CHOL or
the cationic lipid DOTAP in a systematic investigation that
uses a combined spectroscopic and electrophoretic approach.
This investigation aims to bring a significant contribution to a
better understanding of the underlying forces behind the
protein—vesicle interaction for improved nanocarrier design.

2. EXPERIMENTAL SECTION

2.1. Materials. Cholesterol (CHOL, >98%), 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC, >99%), and 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP, >99%)
were purchased from Avanti Polar Lipids, Inc. (Alabaster,
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AL). Aqueous acrylamide and bis(acrylamide) stock solution
(30%, 29:1), bovine serum albumin (BSA) fraction V (>97%),
2-mercaptoethanol (>99%), sodium dodecyl sulfate (SDS,
>99%), 1,2-bis(dimethylamino)-ethane, N,N,N’,N’-tetrame-
thylethylenediamine (TEMED, >97%), and tris-
(hydroxymethyl)aminomethane hydrochloride (Tris-HC],
>99%) were obtained from Carl Roth GmbH & Co. KG
(Karlsruhe, Germany). Disodium hydrogen phosphate
(Na,HPO,, >99%), potassium dihydrogen phosphate
(KH,PO,, >99%), anhydrous iron chloride(IlI) (FeCls,
>98%), glycerol (>99%), ammonium peroxodisulfate (APS,
>98%), ammonium thiocyanate (NH,SCN, >98%), Tris base
(>99%), methanol (99.8%), and acetic acid (99.5%) were
bought from Merck KGaA (Darmstadt, Germany). Sodium
chloride (NaCl, 99.97%) and potassium chloride (KCl, 100%)
were purchased from Lach-Ner, s.r.o. (Neratovice, Czech
Republic). Molecular weight standards for electrophoresis,
bromphenol blue, Coomassie Blue, as well as the protein assay
dye reagent concentrate for protein quantification were
obtained from Bio-Rad Laboratories, Inc. (Hercules, CA).
Sepharose CL-4B was purchased from Cytiva (Marlborough,
MA) and washed with fresh buffer prior to use. All other
reagents and solvents were purchased in the highest available
purity and used as received. Unless otherwise stated, all
aqueous solutions were prepared using water purified though a
Barnstead GenPure Pro water purification system (Thermo
Fisher Scientific, Waltham, MA) and filtered through 0.22 ym
pore poly(ether sulfone) (PES) membranes. Buffer composi-
tions were as follows: phosphate-buffered saline (PBS): 8.54
mM Na,HPO,, 1.46 mM KH,PO,, 2.7 mM KCl, and 137 mM
NaCl; phosphate buffer (PB): 8.54 mM Na,HPO,, 1.46 mM
KH,PO,. SDS-PAGE sample loading buffer: 2% SDS, 10%
glycerol, 5% 2-mercaptoethanol, 0.01% bromophenol blue, and
62.5 mM Tris-HCI, pH 6.8. Nucleopore track-etched hydro-
philic membranes for extrusion were purchased from Cytiva.
2.2. Liposomal Preparation. Liposomes were generated
through thin-film hydration (TFH),”” followed by sonication
and extrusion. In brief, lipids were dissolved in chloroform, and
the solution was slowly evaporated under reduced pressure.
Lipid films were kept under vacuum and the system was
flushed with N, to remove any traces of organic solvent. Dry
lipid films were hydrated for 1h with 10 mM PBS (pH 7.4) or
10 mM PB (pH 7.4) at 50 °C. The final lipid concentration in
aqueous suspension was 7.5 mM. Liposomal formulations were
probe sonicated at 26 kHz at 3% amplitude for 15 min using an
ultrasonic homogenizer (UP200Ht, 200W, Hielscher Ultra-
sonics, Teltow, Germany, equipped with a $26d2 sonotrode)
and extruded 11 times through 200 nm pore size
polycarbonate membranes using a Mini-Extruder (Avanti
Polar Lipids, Inc.), at 5SS °C on a heating plate. All prepared
formulations were stored at 4 °C for a maximum of one month.
2.3. Vesicle Characterization. Particle size and size
distribution were determined through dynamic light scattering
(DLS) by using an Amerigo instrument (Cordouan Tech-
nologies, Pessac, France). Zeta ({) potential was measured by
using the same instrument through Laser Doppler Electro-
phoresis (LDE). All measurements were performed at 25 °C,
with appropriate dilutions for {-potential determinations.
TEM images were acquired by using a Hitachi HT 7000
Transmission Electron Microscope (Hitachi Ltd. Tokyo,
Japan) operating at 100 kV and equipped with a high-
resolution 8-Megapixel CCD camera. For analysis, 200 uL of
each liposomal suspension were mixed with 1200 uL of

ultrapure water and 1 uL of 4% osmium tetroxide (OsO,).
Samples were incubated at 4 °C for 60 min and then
centrifuged at 12,000g for 5 min. The supernatant was
removed, and the liposomes were resuspended in 200 uL of
ultrapure water. Five yL of this liposomal suspension was
deposited on TEM grid support films of Carbon 400 mesh.
After 2—5 min, the excess liquid was removed with a filter
paper and the sample was allowed to dry at room temperature.

The number of lipids per liposome was approximated from
the size determined through DLS, with liposomes being
regarded as spherical and with a unimodal size distribution,
with a mean bilayer thickness and cross-sectional area
calculated from 30 ns molecular dynamics production
simulations of bilayer sections of the appropriate lipid
composition.

2.4. Protein Adsorption. Liposomes (7.5 mM, S00 pL)
were incubated for 1 h at 37 °C and 250 rpm with BSA
prepared in either PB or PBS (10 mg/mL, 100 yL), with a
total incubation volume of 1 mL.

2.4.1. Separation of Protein-Coated Liposomes from
Unbound Protein through Centrifugation. The liposome—
protein assemblies were recovered upon centrifugation for 30
min at 29,000¢ at 4 °C, and the obtained pellet was
resuspended and centrifuged again in fresh buffer to remove
loosely bound proteins. The final volume of resuspended pellet
varied between 50 and 90 uL. This procedure was repeated
three times. Centrifugation protocol was adapted from
elsewhere.”®

Direct quantification of adsorbed protein was performed
through SDS-PAGE electrophoresis using 10% resolving and
5% stacking polyacrylamide gels from the final resuspended
pellet. Electrophoresis was performed at constant voltage (110
V) in a Mini-PROTEAN Tetra Cell using a PowerPac Basic
Power supply (Bio-Rad Laboratories, Inc.) until the dye front
reached the end of the gel. Staining was performed overnight
with Coomassie Brilliant Blue R-250, while destaining was
done with a mixture of 50:10:40 (v/v/v) CH;0H/
CH;COOH/H,0. Imaged gels were processed using Image]
(NIH), with band intensities being determined through
densitometric analysis. SDS-PAGE protein separation protocol
was adapted from elsewhere.’ Protein binding (Py) values for
SDS-PAGE experiments are calculated as grams of protein per
mole of lipid following phospholipid quantification from final
pellets.

Indirect quantification of adsorbed protein was performed
through UV—Vis spectroscopy on a Shimadzu 1900i apparatus,
using a modified Bradford assay.”’ In brief, aliquots from the
supernatant from the first centrifugation (20 uL) were
incubated with 1.8 mL of protein assay dye for at least 1S
min and absorbance was read at 595 nm. Calibration curve was
linear in the range of 0—800 ug/mL BSA (R* = 0.993).
Determinations were made in triplicate for at least three
incubation experiments. DOTAP was found to interfere with
the assay; therefore, incubation blanks, without any protein,
were also performed for each liposomal formulation. Super-
natants from the first centrifugation of each incubation blank
were used as references. CHOL did not interfere with the
assay. Py values for UV—Vis experiments are calculated as gram
protein per mole lipid following phospholipid quantification
from the incubated suspension.

2.4.2. Separation of Protein-Coated Liposomes from
Unbound Protein through Size Exclusion Chromatography
(SEC). Eight hundred uL of liposome—protein mixtures was
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Table 1. Composition, Average Particle Size, Polydispersity Index (PDI), and Zeta ({) Potential of the Investigated Liposomal

Formulations before BSA Incubation

formulation (mol:mol %)“

DPPC:CHOL 100:0 176 + 2
DPPC:CHOL 90:10 166 + 3
DPPC:CHOL 80:20 190 £ 3
DPPC:CHOL 70:30 184

DPPC:CHOL 60:40 180 + 2
DPPC:CHOL 50:50 171

DPPC:CHOL 100:0 162 + 1
DPPC:CHOL 90:10 174 + 1
DPPC:CHOL 80:20 163 + 1
DPPC:CHOL 70:30 163 + 1
DPPC:CHOL 60:40 167 £ 2
DPPC:CHOL 50:50 163 + 1
DPPC:DOTAP 100:0 176 £ 2
DPPC:DOTAP 90:10 146 + 1
DPPC:DOTAP 80:20 1S1 +2
DPPC:DOTAP 70:30 129+ 7
DPPC:DOTAP 60:40 214 £ 6

average particle size (nm) + SD

PDI + SD

0.114 + 0.013
0.104 + 0.041
0.112 + 0.059
0.089 + 0.033
0.096 + 0.038
0.123 + 0.026
0.089 + 0.020
0.033 + 0.010
0.058 + 0.007
0.060 + 0.024
0.092 + 0.015
0.10S + 0.020
0.114 + 0.013
0.069 + 0.016
0.111 + 0.009
0.306 + 0.038
0.224 + 0.043

dispersion medium

PBSY, pH 7.4, 10 mM

PBY, pH 7.4, 10 mM

PBSY, pH 7.4, 10 mM

“All formulations are given as molar ratio (%). bPB—phosphate buffer (8.54 mM Na,HPO,, 1.46 mM KH,PO,), PBS—phosphate buffer saline

(8.54 mM Na,HPO,, 1.46 mM KH,PO,, 2.7 mM KCl, 137 mM NaCl).

loaded onto a Sepharose CL-4B column (20 cm X 1.5 cm)
equilibrated with either PBS or PB, depending on the
formulation dispersion medium, similar to how others have
done.*""** After § min, 30 fractions of 1 mL were collected and
assayed for protein and lipid content using the previously
described Bradford assay and a modified Stewart assay,
respectively. Flow rate was kept constant at a rate of 0.75
mL/min by using a peristaltic pump (Rotarus flow S50,
Hirschmann, Eberstadt, Germany). Lipid-containing fractions
were pooled together and concentrated to ~200 uL by
centrifugation using Amicon Ultra 0.5 mL centrifugal filters
(100,000 MWCO, Merck KGaA, Darmstadt, Germany)
following the manufacturer’s instructions. Liposomes were
washed three times with 200 xL of PBS or PB. Concentrated
liposomes were assayed for adsorbed protein content through
SDS-PAGE electrophoresis, using 10% resolving and 5%
stacking polyacrylamide gels, as described for the centrifuga-
tion protocol.

2.5. Phospholipid Quantification. The phospholipid
content of liposomal suspensions or resuspended pellet after
centrifugation and washing was determined through a modified
Stewart assay.” Briefly, aliquots of liposomal suspensions or
resuspended pellets (4—20 uL) were diluted up to 0.5 mL of
water, and 2 mL of aqueous 0.1 M FeCl; and 0.4 M NH,SCN
were added, in addition to 3 mL of chloroform. The mixture
was vortexed for 1 min and centrifuged for S min at 2500 rpm,
after which the lower organic phase was carefully transferred
into a glass tube. Absorbance was read from the organic phase
in quartz cuvettes at 469 nm. Determinations were made in
triplicate. Calibration curve was composed of pure DPPC
(linear range of 0—270 nmol; R* = 0.995). No interference
with CHOL, DOTAP, or BSA was observed (data not shown).

SEC fractions were quantified for lipid content in a smaller
volume as follows: 250 uL of each 1 mL fraction were mixed
with 0.5 mL of aqueous 0.1 M FeCl; and 0.4 M NH,SCN and
800 uL of chloroform. The mixture was vortexed for 1 min and
centrifuged for 2 min at 13,000g, after which the lower organic
phase was transferred to the quartz cuvette. Calibration curve

was composed of pure DPPC (linear range of 0—170 nmol; R*
= 0.9977).

2.6. Molecular Dynamics Simulations. Coarse-grained
(CG) molecular dynamics were performed using the GPU-
accelerated version of GROMACS 2020.6** with the Martini
2.2 force field.* The insane.py script’® was used to build all
initial configurations for the investigated formulations. As
DOTAP is not a default lipid, its topology was defined in the
insane.py script, using parameters described elsewhere.*’

All bilayers contained a total of 224 molecules with varying
ratios of DPPC:CHOL or DPPC:DOTAP. The aqueous phase
contained either solely Martini water (4 molecules per bead)
and neutralizing ions (if needed) or Martini water, neutralizing
ions, and 137 mM NaCl. The exact composition of simulated
systems can be found in Table SI.

Minimization, equilibration, and production runs were
performed in several steps, using the general GROMACS
inputs provided by CHARMM-GUI for membrane bilayers.**
Equilibration was performed in an isothermal—isobaric (NPT)
ensemble for a total of 4.75 ns using 2—20 fs time steps with
positional restraints on lipid headgroups. Unrestrained
production runs were performed for 30 ns using 20 fs time
steps, also in the NPT ensemble. The v-rescale thermostat and
Berendsen barostat were used to keep the simulations at 310 K
and 1 bar pressure in the case of equilibration simulations,
while the v-rescale thermostat and Parrinello—Rahman
barostat were used for production runs. Semi-isotropic
pressure coupling was used for all steps. The Verlet cutoff
scheme was used with a 1.1 cutoff for both the Coulombic
(reaction field) and van der Waals interactions (potential shift
method).

Visual Molecular Dynamics (VMD) version 1.9.3.* was
used for visual inspection of the simulated systems and image
generation.

Membrane thickness, area per lipid (APL), and membrane
area were calculated from production runs for each system
using Voronoi tessellation, as implemented in FATSLiM.>" All
plots were generated using ggplot2 v 3.3.6,”" as implemented
in R (version 4.1.2), from .xvg files generated with FATSLiM
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and read into R using the readXVG function in the Peptides v
2.4.5 package.>

2.7. Statistical Analysis. Statistical significance was
assessed using one-way ANOVA followed by pairwise
comparisons between group levels using multiple testing
adjustment. If data violated the normal distribution, the ladder
of powers transformation was applied. P values less than 0.05
were considered to be statistically significant.

3. RESULTS AND DISCUSSION

3.1. Characterization of Liposomes before BSA
Incubation. Seventeen liposomal formulations of DPPC
with varying CHOL (0 to 50 mol % in either PB or PBS) or
DOTAP content (0 to 40 mol % in PBS) were generated
(Table 1). The chemical structures of the lipids used to
prepare the liposomes are depicted in Figure 1.

CHOL

Cholesterol

Figure 1. Chemical structures of the lipids used in this work.

The presence of CHOL up to 50 mol % for PBS
formulations did not have a significant impact on liposome
size or particle size distribution after downsizing through mild
sonication and extrusion, with populations having hydro-
dynamic diameters ranging from 166 + 2 to 190 + 2 nm and
polydispersity indices (PDI) from 0.089 to 0.123. CHOL
content was directly proportional with more negative (-
potential values (—16.77 + 1.52 mV for plain DPPC vesicles to
—35.57 + 2.87 mV for vesicles containing 50 mol % CHOL,
Figure 2). As the isoelectric point of liposomes containing
DPPC is around pH 4, the net electrophoretic mobility
observed at physiological pH is caused by the adsorption of
ions present in the solution on the membrane surface. It is
worth mentioning that the {-potential does not provide
information only on the surface of the particle itself, but it is a
more complex property which involves the surface and its
surroundings, particularly the ions at the interface between the
Stern layer and bulk liquid in which the particle is suspended.”
For the liposomes prepared herein, the electrophoretic
mobility was measured in phosphate buffer either enriched
(PBS) or not (PB) with salts. For the DPPC and CHOL-based
liposomes, all values are negative, which is in line with previous
studies on liposomes made of zwitterionic phospholipids.”* ™’
It appears that the negatively charged phosphate groups
attached to the cationic groups of the phospholipids are
responsible for the negative {-potential. Based on rational
deduction, the liposomes themselves have a positively charged
surface. Moreover, when cations from the employed salts (Na*,
K*) were added to the dispersion medium, the negative values
of the {-potential were lower (less and less negative) due to ion
binding to the membrane.”” What is opposite as compared
with previous results published by other groups is not the
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Figure 2. {-Potential for generated liposomes. Data are presented as
mean + SEM (n = 4-6).

negative value of the liposomes containing CHOL, but the
trend. In our case, the increasing amount of CHOL generated
liposomes with a more negative {-potential, suggesting an
orientation and organization of the lipids favorable for
adsorption of negatively charged species. On the other hand,
the DPPC-DOTAP liposomes exhibit positive values for all
concentrations of DOTAP in PBS, which are surprising
knowing that measurements were performed in the presence
of anions from the PBS. These results, in correlation with those
already reported in the literature, emphasize that the (-
potential is extremely sensitive not only to the composition of
the liposomes but also to the orientation and the location of
each of the lipid components in the membrane and the
intermolecular interactions, providing consistent material for
other investigative works. CHOL has been previously found to
impact Na* binding to the membrane in saline solutions,
leading to overall more negative (-potential values with
increasing CHOL content.”® The authors explained this
phenomenon by the transport of Na" from the interfacial
water to the bulk water phase, resulting in a more neutral
surface charge for the membrane. This observation is in line
with our experimental results, showing more negative zeta
potentials as the amount of CHOL increases in the membrane
(Figure 2, vide infra). In addition, vesicle membrane
rigidization in the presence of CHOL is known to improve
colloidal stability,”” which can also be reflected by greater ¢-
potential values. As such, it is generally assumed that absolute
{-potential values above 30 mV indicate moderately stable
systems.”” However, it is becoming increasingly recognized
that although the { potential can provide indications on colloid
stability, it does not entirely reflect it. Hence, it is not
uncommon that stable colloids exhibit low {-potential or vice
versa.”?

In order to study the effect of ionic strength on the size and
surface charge of CHOL-containing liposomes, the same lipid
compositions were used to generate liposomes in PB without
any added salt. These were overall slightly smaller and had a
narrower size distribution, with hydrodynamic diameters
ranging from 162 + 1 to 174 + 1 nm and PDI values between
0.058 and 0.105. The linearity between {-potential and CHOL

https://doi.org/10.1021/acsomega.3c09131
ACS Omega 2024, 9, 17903—-17918


https://pubs.acs.org/doi/10.1021/acsomega.3c09131?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09131?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09131?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09131?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09131?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09131?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09131?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09131?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
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Figure 3. Representative TEM images of aqueous suspensions of liposomes with different concentrations of CHOL in the bilayer and after
extrusion. (A) CHOL-containing liposomes, (B) DOTAP-containing liposomes, and (C) (CHOL)DOTAP-containing liposomes after BSA
adsorption.

content was not seen in the case of liposomes formulated in potential values in formulations without added salt could be
PB, although all CHOL-containing liposomal suspensions had attributed to the stabilizing effect of CHOL alone, with only
{-potential values lower than pure DPPC (Figure 2). small effects from the presence of Na* ions in the buffer. Thus,
PB also contains Na* ions but at a much lower concentration the observed {-potential trend with increasing CHOL in PBS
than PBS. This suggests that the lack of an overall trend in {- formulations could be caused by a cumulative effect of vesicle
17908 https://doi.org/10.1021/acsomega.3c09131
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stabilization and decreased Na® binding at a high salt
concentration. Nevertheless, the presence of CHOL can
change the organization of the phospholipid membrane,
which impacts the interaction between interfacial water and
phosphocholine headgroups.”’ These structural modifications
influence the orientation of the membrane components as well
as their interaction with the surrounding anions, and
consequently, the values of the {-potential can suffer changes
accordingly. Yet, the origin of the apparent values of the (-
potential of phospholipidic membranes can be sometimes
challenging, requiring additional and deeper experimental and
theoretical investigation. Moreover, the results obtained from a
particular system cannot be used to draw a universal
conclusion for all phospholipid-based vesicles.

In the case of cationic formulations, incorporation of
DOTAP up to 20 mol % generated smaller vesicle populations
with essentially unimodal size distribution (Table 1), with
highly positive {-potential values, as would be expected for
cationic liposomes.”> The fact that these DOTAP-containing
formulations are much smaller than the pores of the extrusion
membrane (200 nm) could be an indicator of the unique
structural rearrangement of DPPC:DOTAP mixtures during
sonication and heating into smaller unilamellar vesicular
structures, as other authors suggested.63 However, incorpo-
ration of 30 mol % DOTAP led to the generation of more
heterogeneous vesicle populations (PDI > 0.2), although the
average size was still small (129 = 7 nm). At 40 mol %
DOTAP, vesicles were larger and heterogeneous but did not
show any signs of aggregation, even after one month (Figure
S1).

The morphology of the prepared liposomes was investigated
by positive staining TEM, which implies shelling of liposomes
with a material providing a high contrast. For the character-
ization of our samples, we employed a positive stain (OsO,)
which usually interacts with the phospholipids via C=C
bonds, followed by attachment to the lipid phosphate groups.
However, despite its frequent use in electron microscopy to
visualize structures in biological environments, the nature of
the contrast mechanism is not yet known.®* For the samples
investigated herein, the interaction of OsO, with the palmitoyl-
saturated chains of phospholipids did not occur due to the lack
of unsaturated bonds in the carbon chain. Therefore, it is
assumed that staining was achieved through the interaction
with phosphate groups, particularly since staining with OsO, in
the presence of phosphate is si§niﬁcantly more intense than in
the presence of other anions.”” In addition, the interaction is
more probable due to the nearest-neighbor effect, thus creating
a contrast with the empty central core of the vesicles. In this
way, liposomes are stabilized without membrane damage,
making assessment of their morphological properties facile.
Yet, the acknowledged drawbacks of this staining approach
should be considered in the morphological and architectural
characterization of liposomes.°*”®® Representative images
collected for the samples prepared herein after extrusion,
containing 0—50 mol % CHOL, 10—40 mol % DOTAP are
illustrated in Figure 3. Also, liposomes after BSA adsorption
(vide infra) were investigated by TEM, and illustrative images
are depicted in Figure 3.

Notably, the images reveal a heterogeneous population of
variously sized vesicles with an estimated average of 170 nm
for CHOL-based liposomes, which is in line with DLS
measurements (Table 1). In most cases, unilamellar vesicles
very close to each other can be seen, irrespective of bilayer

CHOL concentration, indicating that CHOL content has no
impact on the aggregation behavior of the vesicles.
Interestingly, as the bilayer accommodates a higher amount
of CHOL, the spherical morphology gradually experiences
distortions or crashing. Hence, for the formulations with the
highest amount of CHOL (40 and SO mol %), undefined
shapes can be observed in the TEM images. For DOTAP-
containing liposomes, the expected sphere-like morphology
can be observed, while size is well related with the results
provided by DLS (Table 1). Of note, the sphere-like
morphology of liposomes is improved as the contribution of
DOTAP increases in the membrane, while the aggregation
phenomenon at the same dilution is reduced. The morphology
of liposomes after BSA adsorption noticeably changes due to
aggregation phenomena occurring upon protein adsorption.
Yet, the liposomal surface does not seem to be disrupted.
However, possible artifacts caused by staining, drying, or
exposure to high vacuum, which usually induce such shape
alteration, are not excluded in the interpretation of the
images.66_70

3.2. Behavior of Liposomes upon Centrifugation and
SEC. Since the methodology used for separating protein—
vesicle assemblies from unadsorbed proteins is centrifugation,
it is important to describe the behavior of liposomal
suspensions upon centrifugation without protein incubation.
This will aid the correct interpretation of observed changes
upon protein incubation when handling is performed under
the same conditions. As such, upon analyzing lipid
concentration, we observed that up to 57 and 38% of
CHOL-containing liposomes formulated in PBS and PB,
respectively, are unable to pellet, remaining in the supernatant
upon centrifugation (Figure 4). In addition, perhaps relating to
their overall smaller size, DOTAP-containing formulations
show the most loss in the supernatant, with a lipid loss in the
range of 61—88%. DLS analysis showed that vesicles with an
average diameter of 116 and 126 nm are present in the
supernatant after centrifugation for CHOL- and DOTAP-
containing formulations, respectively (Table S2). Lipid loss

100
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Figure 4. Lipid loss upon centrifugation, as determined by
phospholipid content determination, relative to the expected content
in the measured volume of sample. Data are presented as mean +
SEM (n = 3).
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and similar-sized liposomes in the supernatant following
centrifugation have previously been observed even at greater
centrifugal forces.”' Other studies also point out that
centrifugation is suboptimal at isolating liposomal populations
in adequate quantities for subsequent electrophoretic evalua-
tions.”””?

All resuspended pellets exhibited larger average hydro-
dynamic diameters than uncentrifuged suspensions as well as
improved PDI values (Figure S), most likely due to the smaller
liposomes remaining in the supernatant upon centrifugation. A
notable exception in terms of PDI improvement is the
formulation containing 40 mol % DOTAP, suggesting the
occurrence of aggregation or disruption phenomena due to
increased shear forces resulting from high rotational speeds.”*
In addition, the 30 mol % DOTAP formulation displayed
almost a double average hydrodynamic diameter upon pellet
resuspension and virtually no change in PDI (Figure S) despite
the high supernatant lipid loss. This suggests some aggregation
of the pelleted vesicles or a dynamic restructuring of liposomes
during centrifugation and/or resuspension.

Currently, there are no established guidelines for studying
the liposomal protein corona, although many research groups
have focused their attention on this subject.”'®**7>7% Despite
some well-described caveats,”” centrifugation is currently the
most used method for the separation of vesicle-protein
assemblies from unbound proteins.”® Thus, the following
experiments and quantitative aspects relating to liposome—
protein isolation through centrifugation are described with
regard to the population of liposomes that are able to pellet
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upon centrifugation. It is important to note that no conclusions
can be drawn about the protein binding behavior of
nonpelleted liposomes.””

Considering the limitation of centrifugation for separating
liposome—protein complexes from unbound proteins, we
additionally performed SEC for the incubated samples.
However, we observed considerable lipid retention in the
column, depending on the loaded formulation, as reflected by
the amount of calculated lipid loss upon phospholipid
determination in each fraction (Table 2) and the fact some
liposomal material eluted in the washing steps between two
subsequent SEC experiments (data not shown). This was
surprising, as most SEC experiments performed on liposomes
do not report such a considerable loss of lipids upon liposome
elution.”” An interesting study highlights, however, that
liposome retention in the exclusion gel is a common
phenomenon which can lead to significant lipid loss,
depending on bead size, especially if column presaturation
with free liposomes is not performed.*” We did not perform
column presaturation in our SEC setup; therefore, we
attributed the observed lipid loss to the retention of liposome
material in the column. Representative elution profiles for
BSA-incubated liposomes with 30 mol % CHOL in PB and 40
mol % DOTAP are given in Figure 6. Upon inspecting the
elution profiles, we pooled all lipid-containing fractions
(usually fractions 7—18, except cases where liposomes stopped
eluting earlier). Elution profiles for all other formulations are
given in Figure S2, along with the elution of free BSA.
Regardless of lipid loss upon column elution, the trend of more
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Table 2. Average Protein Binding (Pg) Values from Pooled
SEC Fractions, as Determined through UV—Vis, as well as
Lipid Loss during SEC“

Py (g/mol lipid) lipid loss (%)

formulation (mol:mol %)

DPPC:CHOL 100:0 (PBS) 14.97 78.41
DPPC:CHOL 90:10 (PBS) 21.51 57.34
DPPC:CHOL 80:20 (PBS) 9.49 62.50
DPPC:CHOL 70:30 (PBS) 12.43 82.39
DPPC:CHOL 60:40 (PBS) 11.25 75.56
DPPC:CHOL 50:50 (PBS) 4.84 85.50
DPPC:CHOL 100:0 (PB) 13.68 57.70
DPPC:CHOL 90:10 (PB) 8.73 12.32
DPPC:CHOL 80:20 (PB) 15.94 43.08
DPPC:CHOL 70:30 (PB) 5.09 24.61
DPPC:CHOL 60:40 (PB) 22.02 68.22
DPPC:CHOL 50:50 (PB) 9.08 10.22
DPPC:DOTAP 100:0 (PBS) 14.97 78.41
DPPC:DOTAP 90:10 (PBS) 24.20 82.36
DPPC:DOTAP 80:20 (PBS) 2535 88.48
DPPC:DOTAP 70:30 (PBS) 35.04 89.12
DPPC:DOTAP 60:40 (PBS) 63.11 65.11

“All formulations are given as molar ratio (%). SEC was performed
once per each formulation. Py values are relative to the entire quantity
of liposomes loaded in the column.

protein adsorption for liposomes with increasing DOTAP
content was observed (Table 2). We could not, however,
quantify the amount of lipid adsorbed through SDS-PAGE due
to the very low concentration of BSA in the concentrated
pooled fractions. We did observe that some smaller liposomes
could penetrate the membranes used in the final concentration
step in some cases (Table S5). No detectable BSA was found
in the flow-through volume from the membrane ultrafiltration
step (data not shown). It is possible, however, that the low
amount of adsorbed BSA in the liposome-containing fractions
combined with the high dilution due to fraction pooling
generates only trace amounts of BSA, which are difficult to

quantify.

3.3. Physicochemical Characterization of BSA-Coated
Liposomes. 3.3.1. Size and (-Potential. Following incuba-
tion, an up to 22 nm increase in the average hydrodynamic
diameter was observed for CHOL-containing vesicles for-
mulated in PBS, but no trend relating to CHOL content was
found. The same formulations in PB exhibited an up to 30 nm
increase, the magnitude of which was dependent on CHOL
level (Figure S).

For DOTAP-containing formulations with more than 20
mol % cationic lipid, however, a much larger increase in size
following incubation was observed, accompanied by PDI
values larger than 0.2, indicating a substantial loss in size
distribution homogeneity. As such, the average sizes after
incubation were 212 + 1, 322 + 21, 807 + 81, and 646 + 26
nm for DOTAP-containing pellets with 10, 20, 30, and 40 mol
%, respectively, following incubation (full data available in
Table S3).

It is generally recognized that the formation of a protein
corona manifests as an increase in the mean nanoparticle
hydrodynamic diameter due to the formation of at least one
protein layer on the surface.”’ However, the finding that
DOTAP-containing liposomes had such a significant increase
in size following incubation could also indicate BSA-induced
aggregation phenomena. In fact, it has previously been
suggested that negatively charged proteins could act as a
molecular glue between distinct DOTAP-containing vesicles,*
leading to the formation of large aggregates. Our findings seem
to reinforce this hypothesis.

Following incubation, all CHOL-containing formulations
exhibited an unexpected increase in {-potential compared to
unincubated samples (Figure 7), as in principle, the net
negative charge of adsorbed BSA should have resulted in more
negative values for Z_,'-potential.83 However, in effect, this
behavior indicates that adsorbed BSA lowers the electrostatic
repulsion between liposomes. A similar observation has been
made for polymersomes which stabilized the native protein
fold upon adsorbing BSA and evaded immune recognition.'®

The CHOL-dependent effect on liposome {-potential could
be observed following both PB and PBS incubations, with
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17911

https://doi.org/10.1021/acsomega.3c09131
ACS Omega 2024, 9, 17903—-17918


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09131/suppl_file/ao3c09131_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09131/suppl_file/ao3c09131_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09131?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09131?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09131?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09131?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
A o ns B o ]
— s ns — *xk
5 ns — ns -5 LI, . ns
— — —ns ns " — ns ST
> .10 —nhs ,;‘ > -10 — S ® .
é — ,ﬁ\ ,£| é s . Q ey
— -15 * ns ~-15 + — . § o ns
o é é ’ + o — ns
€ 20 ® . g -20 é ¢ —
) é ) [ ns
2 225
0 .25 o
9‘ + é + 9‘_30 § ns é
8 .30 ns 8 !
N ® N -35 ¢
-35
-40
-40
-45
DPPC:CHOL DPPC:CHOL DPPC:CHOL DPPC:CHOL DPPC:CHOL DPPC:CHOL DPPC:CHOL DPPC:CHOL DPPC:CHOL DPPC:CHOL DPPC:CHOL DPPC:CHOL
100:0 90:10 80:20 70:30 60:40 50:50 100:0 90:10 80:20 70:30 60:40 50:50
C 120/ "
[ —
1101 L ns
| —
100 _ns_ — o
901 . ns
— L [ ]
E 801 ns — Q
|
= 701 ns ¢ é o [ Type
-_g 60 ns é @ Before CFG
S 501 ¢
§_ 401 é ® @ After CFG
& 307 6 @ Incubated CFG
ol
o 201 ns
N o] 5
ns
| —
01 ns
-107
20{ © @ ©
DPPC:DOTAP ~ DPPC:DOTAP  DPPC:DOTAP  DPPC:DOTAP  DPPC:DOTAP
100:0 90:10 80:20 70:30 60:40

Figure 7. {-Potential before centrifugation, after centrifugation, and after incubation with BSA and centrifugation for (A) CHOL-containing
liposomes in PBS, (B) CHOL-containing liposomes in PB; and (C) DOTAP-containing liposomes in PBS, “Incubated CFG” refers to the
liposomes after BSA adsorption; Data are presented as mean + SEM (n = 3).

SDS-PAGE UV-VIS
8 5
= 60 —

S -
=
2
:" — 40 Type
<4 . . ns s [ oppc:cHoL-PB
2 — 0 _ns B oppc:cHoL-PBS
o [ oppc.DOTAP-PBS
8 s s, 20 '—‘
5 ns ns
% 2 [— 1
) ) ) “-- -. i .

of o I | i i- | .

100:0 90:10 80:20 70:30 60:40 50:50 100:0 90:10 80:20 70:30 60:40 50:50

Lipid molar ratio

Figure 8. Adsorbed BSA in g/mol lipid following SDS-PAGE from pelleted liposomes after centrifugation and washing and UV—vis determinations
from the supernatant. Data are presented as mean + SEM (n = 3). A one-way ANOVA followed by pairwise comparison using the Benjamini—
Hochberg method for multiple testing correction was used for assessing statistical significance; *p < 0.05, **p < 0.01, ns—not significant.

increasing CHOL content leading to more negative values
(Figure 7). At the used incubation temperature, which is above
the gel-to-liquid phase pretransition temperature of DPPC
(~33 °C), and close to the main transition temperature (41.5
°C), the gel and liquid phases of the lipid should coexist, so
packing defects are likely to occur.** CHOL is known to have a
fluidizing effect on liposomes below the gel-to-liquid phase
transition temperature of the main lipid component, stabilizing
a liquid ordered state and decreasing packing defects.*> Thus,
more negative (-potential values with increasing CHOL
content would be expected, in both incubated and centrifuged
unincubated samples.
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DOTAP-containing formulations behaved as expected in
terms of (-potential upon BSA incubation (Figure 7),
exhibiting a marked decrease, most likely due to the adsorbed
BSA’s net negative charge. Similar to the case of CHOL-
containing formulations, this reflects a lowered electrostatic
repulsion between the BSA-coated nanocarriers. A similar
effect of BSA on {-potential has been observed for other
cationic liposomes containing DOTAP,* although a different
behavior was found upon full plasma incubation.® However,
DOTAP-induced changes in BSA secondary structure have
been reported,”” and this effect was recently demonstrated to
also occur in liposomes containing positively charged moieties,
other than lipids, on their surface.®” CHOL, on the other hand,
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Figure 9. Membrane transverse snapshots in the final frame of production molecular dynamics simulations (30 ns). (A) DPPC:CHOL 100:0, (B)
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90:10, (H) DPPC:DOTAP 80:20, (I) DPPC:DOTAP 70:30, (J) DPPC:DOTAP 60:40. DPPC are depicted as cyan, CHOL are yellow and
DOTAP are magenta. Na* and CI~ are shown as blue and cyan spheres, respectively.

does not induce a change in protein secondary structure,*
while DPPC has a minimal effect®® Thus, further inves-
tigations regarding possible changes in BSA structure upon
adsorption should be performed, aimed at better under-
standing the biological identity of liposomes upon protein
interaction.

3.3.2. BSA Adsorption Quantification. In terms of protein
adsorption, SDS-PAGE experiments showed up to 5.619 +
0.47 g/mol lipid adsorbed BSA for DOTAP-containing
formulations, and more than 16-fold decreased adsorption
for CHOL-containing formulations (Figure 8). Other authors
also observed that cationic liposomes §enerally adsorb more
proteins than electroneutral vesicles,”” although exceptions
have also been found to occur.* In contrast, CHOL was found
to promote positively charged protein binding to negatively
charged POPC/POPS vesicles.””

UV—vis experiments showed about 10 times more protein
adsorption than SDS-PAGE for all cases, with a maximum of
5147 + 2.08 g/mol lipid adsorbed BSA for DOTAP-
containing formulations, which would be expected, considering
the extent of lipid loss upon centrifugation. It is important to
note that SDS-PAGE experiments only reflect the amounts of
protein adsorbed on pelleted liposomes after subsequent
washing steps, while values from UV—vis determinations also
include weakly bound proteins on the surface of liposomes,
which most likely detach upon pellet washing.

The formulation with 40 mol % DOTAP showed a marked
decrease in protein adsorption when compared to the
formulations containing 20 or 30 mol % charged lipid in
SDS-PAGE experiments (Figure 8). This suggests that the
observed increase in size following incubation (Figure S) is
mostly induced by aggregation and not the quantity of protein
adsorbed. At the same time, UV—vis experiments showed the
most protein adsorption in the case of 40 mol % DOTAP
liposomes, suggesting that adsorbed BSA is only weakly bound
on liposomal aggregates and is predominantly washed out
during subsequent washing steps (51.470 + 2.08 g BSA/mol
lipid from UV—vis determinations vs 7.55 + 2.41 g BSA/mol

lipid from SDS-PAGE determinations, Table S4). It has
previously been proposed that the increase in size due to
aggregation would most likely have a larger impact on the
bloodstream circulation of liposomes than the nature of
adsorbed proteins, and thus should not be ignored from a
clinical perspective.”” Liposomes containing more than 30 mol
% cationic lipids have also been shown to aggregate in serum,
which leads to their subsequent accumulation primarily in
lungs and other off-target sites.”” Thus, special care needs to be
taken when deciding upon lipid composition for generating
formulations for intravenous administration.

The relatively low protein adsorption exhibited by the
CHOL-containing formulations, as well as the one containing
10 mol % DOTAP, corroborated with their low size increase
upon incubation suggest that these formulations could in
principle be suitable for intravenous administration if albumin
adsorption is to be avoided. This does not, however, mean that
these formulations will not adsorb any proteins in plasma or
serum. This aspect is currently under investigation by our
group. The 30 mol % DOTAP-containing formulation, on the
other hand, showed the most protein binding in SDS-PAGE,
with about 38 BSA molecules per liposome being adsorbed
(Table S4). However, the significant increase in size following
incubation makes it unusable as a carrier, although it could be
used as a model to study the molecular details of the albumin-
nanocarrier interaction.

Emphasis should be placed on the significance of
investigating BSA adsorption on liposomes, especially since
albumin precoating has become an attractive strategy for
prolonging nanocarrier plasma halflife,”""*
improving the release kinetics of liposomal carriers.”’ In
particular, liposomes decorated with a 46-residue albumin
binding domain were recently shown to specifically bind
endogenous albumin, which competitively inhibited opsonin
adsorption and prolonged liposomal in vivo circulation.” At
the same time, as albumin is a carrier protein that possesses
ligand binding pockets for many anticancer drugs,94 it could be
used for drug or prodrug complexation prior to precoating to

as well as
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increase drug halflife and improve targeted delivery.”> From
our experiments, the 20 mol % DOTAP-containing for-
mulation could be suitable for further albumin precoating, as it
exhibits the lowest increase in size upon incubation but
adsorbs a significant quantity of BSA, which could be
advantageous for improving immune evasion. However, further
investigations regarding the nature of adsorbed proteins from
plasma are required and are of ongoing interest to our group.
Finally, our results show that BSA interactions with liposomal
nanocarriers are most likely governed by electrostatic and not
hydrophobic interactions.

3.4. Bilayer Properties—Insights from Molecular
Modeling. Because the mechanical properties of the lip-
osomal membrane are an important aspect in the design and
production of lipid-based drug delivery systems as well as in
their adsorption behavior, we also investigated key membrane
parameters, namely, membrane thickness, area per lipid, and
membrane area as well as salt ion adsorption by coarse-grained
molecular dynamics. Simulations were run for 30 ns for each
experimentally investigated liposomal composition in the form
of small membrane slabs with or without added salt. Molecular
dynamics simulations are of particular usefulness in modeling
or predicting observed experimental effects, such as lipid
packin% and ordering96 and protein’” or ion adsorption
events.”® The membrane transverse snapshots at the final
frame of production molecular dynamics simulations are
illustrated in Figure 9.

Our simulations indicate that CHOL exerts a condensing
effect on DPPC. Specifically, membrane thickness, area per
lipid, and average membrane area all decrease with increasing
CHOL content (Table S6), in agreement with previously
reported data.”®”” Of note, replacement of 50 mol % DPPC
with CHOL reduced area per lipid and membrane area by
~33%. We did not observe the appearance of CHOL patches
in our simulations, with CHOL being distributed uniformly
throughout the bilayer, regardless of concentration (Figure 9).

Systems containing DOTAP showed a slight increase in all
measured parameters as a function of DOTAP content except
membrane thickness (Table S6). This would be expected,
since lateral expansion is likely to occur due to the electrostatic
repulsion between charged lipids as the DOTAP concentration
increases. This has been previously demonstrated to occur for
DOPC/DOTAP systems.'”” However, combined DOPC/
DOTAP atomistic simulation systems have been shown to
exhibit a compressive effect in terms of APL, contrary to our
own findings, which use coarse-grained models for the
representation of lipids.'"”’ However, the work of Gao and
Fang on the theoretical investigation of APL evolution with
increasing cationic lipid content shows similar results as ours,
which could be explained by the fact they used similar
simulation conditions as we did."> This also highlights the
need for continuous force field optimization in order to lower
the gap between atomistic and coarse-grained simulation
results of the same systems. We also noticed a slight increase in
the bilayer thickness in the presence of added salt for all
systems. This phenomenon could be attributed to the binding
of Na* to the ester bonds of phospholipids, as other authors
have shown,'*® clearly showing that bilayer properties can be
directly altered by the ion-lipid interactions. At the same time,
from a simulation point of view, the calculated average
thickness does not include the adsorbed ion diameter.
Therefore, the increase in thickness is more likely a direct
consequence of slightly different lipid packing at the

membrane-water interface due to Na® adsorption in the
headgroup region and water rearrangement, as other authors
have suggested.'”’ We did not perform additional measure-
ments of average headgroup atom positions relative to the
bilayer center to confirm this, but as other observations
observed the same effect, we assume a similar behavior. Our
simulations also demonstrate decreased Na® binding with
increased CHOL content, but also with increasing DOTAP
content (Figure 10). This is in good agreement with another

Lipid type

og 30 CHOL
© ® DOTAP
£

3

[2]

©

8

S ®

220

o

fe)

IS

(0]

S

L

(]

z

G

:

g 10 +

>

z

0% 10% 20% 30% 40% 50%
Non-DPPC lipid content

Figure 10. Number of Na*: membrane contacts within S A
throughout the salt-containing simulations. Data are presented as
mean + SD.

group’s combined experimental and computational findings,
which are reflected in {-potential value trends for CHOL-
containing systems.”® In the case of DOTAP systems, this
behavior is expected, as increasing cationic lipid content
naturally leads to repulsive behavior of the membrane surface
toward Na*. Ions were defined as a contact if they were within
the distance of S A from any atom of a lipid molecule.

4. CONCLUSIONS

In summary, we herein showed that the interaction of model
protein BSA with liposomal vesicles containing the zwitterionic
lipid DPPC and either CHOL (0—50%) or the cationic lipid
DOTAP (0 to 40%) strongly depends on the chemical
composition of the liposome. The conclusions of our study are
based on a combined experimental and in silico approach,
which certainly brings more value and meaning to liposome
formulations as biocompatible carriers for drugs and their
behavior in the presence of biologically relevant molecules,
such as BSA. SDS-PAGE and UV—vis experimental results
revealed protein adsorption to occur for all formulations. Yet,
DOTAP-containing vesicles adsorbed proteins more tightly,
but at the expense of aggregation, as demonstrated by DLS and
TEM. Our results also show that while both SEC and
centrifugation have limitations in the separation of liposome—
protein complexes from unbound proteins, they are ultimately
complementary to each other and can lead to similar
conclusions. The calculated key parameters of the phospho-
lipid membranes from molecular dynamics simulations showed
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a clear trend of both CHOL and DOTAP to decrease Na*
interaction with the membrane, which could also contribute to
the differential behavior of liposomes relative to the adsorption
of BSA, in addition to explaining the observed (-potential
trend with increasing non-DPPC lipid. While our results
suggest that protein—vesicle interactions are governed by a
plethora of factors, such as size and size distribution, chemical
composition, and surface charge, the exact molecular
determinants of BSA adsorption are yet to be described. We
expect that our study will contribute to a better understanding
of protein—vesicle interactions for improved liposomal nano-
carrier design, increase the fundamental knowledge in the field,
and inspire other scientists in their research. As further work,
we foresee extension to an in-depth investigation of the
adsorption of plasma proteins on liposomes as well as gain
novel insight into protein conformational changes upon
adsorption.
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