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Unraveling the impact of different liposomal
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Nanoparticles (NPs) interact with biological fluids after being injected into the bloodstream. The interactions
between NPs and plasma proteins at the nano-bio interface affect their biopharmaceutical properties and
distribution in the organ and tissues due to protein corona (PrC) composition, and in turn, modification of
the resulting targeting capability. Moreover, lipid and polymer NPs, at their interface, affect the composition
of PrC and the relative adsorption and abundance of specific proteins. To investigate this latter aspect, we
synthesized and characterized different liposomal formulations (LFs) with lipids and polymer-conjugated
lipids at different molar ratios, having different sizes, size distributions and surface charges. The PrC
composition of various designed LFs was evaluated ex vivo in human plasma by label-free quantitative
proteomics. We also correlated the relative abundance of identified specific proteins in the coronas of
the different LFs with their physicochemical properties (size, PDI, zeta potential). The evaluation of
outputs from different bioinformatic tools discovered protein clusters allowing to highlight: () common
as well as the unique species for the various formulations; (ii) correlation between each identified PrC
and the physicochemical properties of LFs; (iii) some preferential binding determined by physicochemical
properties of LFs; (iv) occurrence of formulation-specific protein patterns in PrC. Investigating specific
clusters in PrC will help decode the multivalent roles of the protein pattern components in the drug
delivery process, taking advantage of the bio-nanoscale recognition and identification for significant
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size, surface charge and shape affect biopharmaceutical prop-
erties of liposomes as well as their biodistribution and
targeting.*” Liposomal formulations (LFs) can improve the
safety and efficiency of therapeutics by (i) reducing systemic
side effects, (ii) preventing early degradation of payloads, and
(iii) targeting specific cells and tissues.®®

1. Introduction

Liposomes are versatile, biocompatible, biodegradable, low
toxic and poorly immunogenic drug delivery systems, which are
able to encapsulate both hydrophilic and lipophilic compounds
and enhance tumor targeting.™” Lipid composition, average
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The incorporation of polyethylene glycol (PEG) polymers into
the liposome bilayer (PEGylation) or the modification of the
surface properties with other polymeric macromolecules (or
surfactants) extend liposomal blood circulation and decrease
the clearance mediated by the mononuclear phagocyte system
(MPS), hence avoiding their accumulation in the liver and
spleen.*

MPS activation is triggered by the opsonization process,
which is involved in the neutralization of non-self-antigens
and is able to reduce liposome biodistribution and circulation
half-life.*” In this scenario, PEGylation of liposomes has long
been considered an efficient anti-opsonization strategy to
improve long circulation and passive targeting of nanoparticles
(NPS).13,14

PEG has been widely used to improve the stability and
stealth properties of liposomes as well as other lipid-based
nanocarriers. To date, PEG with a molecular weight of 2 kDa
is currently used to make liposomes that are used in the clinic,
such as Doxil® and Onivyde®, and more recently siRNA/mRNA-
loaded lipid nanoparticles, such as Onpattro® and
Comirnaty®."

However, recent studies demonstrated that PEG polymers, at
medium and high molecular weights, conjugated with thera-
peutics, can activate complement cascades and the relative
immune system mediators after multiple systemic injections;'®
on the other hand, they cannot completely prevent the
adsorption of plasma proteins on the liposome surface, thus
allowing the formation of a coating called protein corona
(Prc).12,17,18

PrC formation depends on the high free energy of the NP
surface, which by interacting with biological fluid components,
is coated by various macromolecules, like proteins but also
lipids.*®** The composition of PrC depends on the intrinsic NP
properties, such as the material, size, shape and surface
charge.”®** The amount of adsorbed proteins is positively
correlated with NP size and depends on the curvature of NPs; in
fact, the largest particles have a smaller surface bend that allows
the proteins to interact more freely with a greater surface area.*

PrC formation determines a new biological complex, namely
the PrC-NP, with a dynamic structure ruled by affinity interac-
tions (proteins/NP surface, protein/protein).?> At the nano-bio
interface, plasma proteins are continuously desorbed and
adsorbed on the NP surface according to the “Vroman effect”.”
In particular, the most tightly bound layer of proteins, the so-
called “hard corona”,** seems to play a fundamental role in
the biological interactions of NPs and in the recognition of PrC-
NP complexes with the target tissue.”” In fact, PrC affects the
biodistribution of NPs since the plasma proteins show different
affinities for different tissues, thus representing an example of
active natural targeting.”>*® As a consequence, PrC is also
instrumental in the pharmacokinetics of NPs and their deliv-
ered payloads.™

PrC composition plays a key role in the stability of the NPs by
inducing or preventing their aggregation, together with the NP
surface charge and steric hindrances of interacting NPs.””**
This knowledge is pivotal to rationally design NPs of different
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charges and/or steric hindrances whose specific PrC composi-
tion could determine, in turn, a specific distribution in vivo.*

Macromolecule-conjugated  lipids like  ganglioside-
monosialic acid (GM1), with stealth properties and low
immune responses at specific molar ratios and molecular
weight,*>*" allow a prolonged circulation of NPs and prevent
their MPS uptake and clearance from the bloodstream equal to
PEG-phospholipids.** Sialic acid residues of GM1 and the
oligosaccharide residues conjugated to ceramide lipids have
different structures and flexibility** compared to polyethylene
oxide units of PEG. Differences in the backbone structure of
macromolecule-conjugated lipids provide different binding
affinity and interactions with circulating proteins that are
adsorbed on the NP surface, thereby changing its features
although the stealth properties are maintained.** These prop-
erties further affect the circulation time of NPs after systemic
injection, and thus, their clinical outcomes.*

In this scenario, LFs represent a versatile class of drug
delivery systems able to address new therapeutic opportunities,
as mentioned above. Hence, we designed and characterized five
different LFs containing: (i) anionic phospholipids (LF1 and
LF2); (ii) anionic phospholipids and PEGylated lipids (LF3 and
LF4); (iii) anionic phospholipids and GM1 glycolipids (LF5).
Each of them was extruded at two different sizes, thus resulting
in ten different LFs to be investigated. After incubation in
human plasma (HuP), we profiled their PrC composition to
study the impact of the variety of chemical and biological
moieties at the nano-bio interfaces of NPs. This formulation/
size-based multiplexed mapping allowed us to identify specific
protein patterns possibly instrumental for interaction with
diverse biological tissues.***” The combined data from PrC
profiling and physicochemical characterization of liposomes
can be used as an effective approach to obtain NPs with optimal
properties for their specific purpose.

2. Methods

2.1. Chemical and reagents

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine monohydrate
(DPPC), 1,2-dipalmitoyl-sn-glycero-3(phospho-i-serine), sodium
salt (DPPS), 1,2-dimyristoyl-sn-glycero-3-phospho-(1-rac-
glycerol), sodium salt (DMPG), 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-{methoxy(polyethylene-glycol)-750],
ammonium salt (DSPEmPEG750), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene-glycol)-5000],
ammonium salt (DSPEmPEG5000), ganglioside, brain, ovine-
sodium salt (GM1) and cholesterol (Chol) were obtained from
Avanti® Polar Lipids (Alabaster, AL, USA).
N-2-Hydroxyethylpiperazine-N-2-ethanesulfonic acid
(HEPES), Whatman filters, pi-dithiothreitol minimum 99%
titration, modified trypsin, Laemmli buffer, dithiothreitol
(DTT), iodoacetamide (IAA), and ammonium bicarbonate
(AMBIC) were purchased from Sigma Aldrich (Milano, Italy).
Gelcode® blue stain reagent was obtained from Thermo Fisher
Scientific (Waltham, MA, US). Tris-HCl, sodium dodecyl sulfate
(SDS), acrylamide, bis-acrylamide, ammonium persulfate (APS),
tetramethylethylenediamine (TEMED), tris/glycine/SDS (TGS)

Nanoscale Adv., 2024, 6, 4434-4449 | 4435


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00345d

Open Access Article. Published on 02 July 2024. Downloaded on 1/20/2026 10:28:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

and tris/glycine (TG) buffers were obtained from Bio-Rad
Laboratories Srl (Segrate, Italy). HPLC grade acetonitrile (ACN)
and formic acid were purchased from J. T. Baker (Deventer,
Netherlands).

2.2. Liposome preparation

Liposomal formulations (LFs) were prepared by using the thin
layer evaporation method and extrusion technique.*® Briefly,
lipids (different molar ratios of DPPC, DPPS, DMPG, DSPE-
mPEG750, DSPE-mPEG5000, GM1 and Chol, as reported in
Table 1) were dissolved in chloroform/methanol (3:1, v/v).
Then, the organic solvent was removed by using a rotary evap-
orator (model Laborota 4000 type Heidolph, Delchimica,
Naples, Italy) at 50 °C to remove any solvent residues, and the
lipid film was left under the hood overnight at room tempera-
ture. The resulting multilamellar liposomes were obtained by
hydrating the dried lipid film with HEPES (10 mM, pH = 7.4)
and by alternating three cycles of heating at 60 °C and of
continuous stirring for 3 min. LFs were extruded by using
a Lipex ExtruderTM device (Northern Lipids Inc., BC, Canada)
with polycarbonate membranes (Whatman Inc., NJ, USA)
having pore sizes of 200 nm and 100 nm. Large LFs (LF-L) and
small LFs (LF-S) were collected and used for further
experiments.

2.3. Physicochemical characterization of liposomes

The average size (nm) (hydrodynamic radius) and polydispersity
index (PDI) of LFs were measured by using dynamic light scat-
tering (DLS).*® Zeta potential (mV) was determined as electro-
phoretic mobility by laser doppler electrophoresis (LDE). To
avoid multi-scattering phenomena, samples were diluted (1 : 30
v/v) in HEPES (10 mM, pH = 7.4) and then analyzed by using
Zetasizer Nano ZS90 (Malvern Panalytical, United Kingdom).
Measurements were performed in three different replicates;
each of them was repeated at least five times, and data were
reported as average + standard deviation (SD).

2.4. Human plasma preparations and incubation with
liposomes

Human plasma (HuP) samples were obtained at CEINGE -
Biotecnologie Avanzate Franco Salvatore (Naples, Italy) from

View Article Online

Paper

healthy adult volunteers (30-50 years) in accordance with the
relevant laws and guidelines existing in Italy with the declara-
tion of Helsinki. Informed consents were obtained from human
participants (blood plasma donors) of this study, and the
experiments were performed in accordance with the guidelines
of the declaration of Helsinki and approved by the Ethics
Committee of the University of Naples Federico II (approval
number 318/20).

Blood samples were collected by using the BDTMP100 Blood
Collection System in the presence of K,EDTA anticoagulant and
protease inhibitor cocktail. HuP samples were prepared as
previously reported.” Briefly, after clot formation, HuP was
collected by centrifugation at 1000g for 5 min.

To reduce inter-individual variations, we pooled HuP
samples from the different donors and stored their aliquots at
—80 °C. Afterwards, HuP aliquots were thawed at 4 °C and
warmed at room temperature.

The HuP samples were incubated (1 : 1, v/v) with LFs (10 mg
ml~ ") at 37 °C for 1 h. After incubation, PrC-NP complexes were
isolated by centrifugation at 15 000g for 10 min and washed
with PBS twice. At each washing step, samples were transferred
into new Protein LoBind tubes and then resuspended in
Laemmli buffer.

2.5. Protein corona electrophoresis and in-gel digestion

Proteins suspended in Laemmli buffer were first denatured at
95 °C for 5 min and then fractionated by 12% (v/v) SDS-PAGE.
The protein bands were stained using Gelcode® blue stain
reagent (Thermo Fisher Scientific, USA) according to the
manufacturing procedures. Molecular weights (MW) of protein
bands were estimated by using Precision Plus All Blue protein
standards (Bio-Rad). The gel image was acquired using the
scanner GS-800 Calibrated Densitometer (Bio-Rad).

The whole gel lanes were manually cut into 2 mm gel slices.
Each slice was washed with ACN and 50 mM AMBIC as previ-
ously reported.* The protein bands were then reduced with
10 mM DTT in 50 mM AMBIC at 56 °C for 45 min and then
alkylated in 55 mM IAA in 50 mM AMBIC at room temperature,
in the dark for 30 min. After washing with ACN and 50 mM
AMBIC, each slice was incubated with 10 ng L~ trypsin at 4 °C
as previously described.** Peptide mixtures were extracted and
resuspended in 0.2% (v/v) formic acid.

Table 1 Different molar ratios of phospholipids and cholesterol constituting the liposomal formulations (LFs). The numerical figures indicate the

molar ratio of components in each formulation

LFs DPPC® DPPS” DMPG*

DSPE-mPEG750¢

DSPE-mPEG5000° oMY CHOL#

LF1
LF2
LF3
LF4
LF5

1 — —
— 1 —
— 1

DO
|

“ 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine  monohydrate.

b 1,2-Dipalmitoyl-sn-glycero-3(phospho-L-serine).

1 _
— 0.5

W W W ww

5

¢ 1,2-Dimyristoyl-sn-glycero-3-

phospho-(1-rac-glycerol). ¢ 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy(polyethylene-glycol)-750]; 750 is low-MW PEG. °1,2-
Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene-glycol)-5000]; 5000 is high-MW PEG. ¥ Monosialotetrahexosylganglioside.

¢ Cholesterol.

4436 | Nanoscale Adv, 2024, 6, 4434-4449

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00345d

Open Access Article. Published on 02 July 2024. Downloaded on 1/20/2026 10:28:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

2501

Q

200
150+
100+

Size (nm)

o
b

Z-potential (mV)

View Article Online

Nanoscale Advances

LF1-L
LF1-S
LF2-L
LF2-S
LF3-L
LF3-S
LF4-L
LF4-S
LF5-L
LF5-S

OOoORORORON

Fig. 1 Dynamic light scattering (DLS) and laser doppler electrophoresis (LDE) analyses of LFs. LFs were produced using five different compo-
sitions, as reported in Table 1. For each composition, the vesicles were extruded at two different sizes through polycarbonate filters with large
(200 nm) and small (100 nm) pore size membrane filters, thus finally obtaining ten different LFs. LFs extruded through 200 nm and 100 nm pore-
size membrane filters were named LF-L and LF-S, respectively. (a) Measurements of average size (nm), (c) polydispersity index (PDI) and (e) zeta
potential (mV) of different bare LFs. Results are the mean of three different replicates for which five technical repeats were considered and data
were expressed as average + SD. (b, d and f) Statistical significance was calculated by one-way T-test for each pairwise comparison among the
LFs for the differences in average size, PDI and Z-potential, respectively. * = p value < 0.05; *** = p value < 0.005; NS = not significant.

2.6. LC-MS/MS analysis for protein identification and
quantification

Protein identification was carried out using a liquid
chromatography-tandem mass spectrometry (LC-MS/MS)-based
proteomics pipeline.*>** LC-MS/MS analyses were performed
using the LC/MSD Trap XCT Ultra (Agilent Technologies, Palo
Alto, CA) equipped with a 1100 HPLC system and a chip cube
(Agilent Technologies) as previously described.**

Raw MS/MS data files were submitted to Mascot software
(Matrix Science, UK) for protein identification.*® Precisely, the
following search parameters were applied: NCBI as protein
database; trypsin as specific proteolytic enzyme; Homo sapiens
as taxonomy; one missed cleavage; S-carbamidomethyl cysteine
as fixed modification; oxidized methionine and N-terminal
pyroglutamic as variable modifications; 300 ppm and 0.6 Da

© 2024 The Author(s). Published by the Royal Society of Chemistry

as mass tolerance on precursor ions and product ions, respec-
tively. Finally, a Mascot individual ion score >43 was considered
for an unambiguous data interpretation (p value <0.05).

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE partner
repository*® with the dataset identifier PXD052701.

Quantitative analysis of LC-MS/MS data was performed by
label-free quantification, subjecting the Mascot format text files
to Proteome Discoverer v1.4 (Thermo Fisher Scientific, USA).
Spectral count (SpC) values and Normalized Spectral Abun-
dance Factor (NSAF) were used as quantitative parameters for
estimating protein abundance.*” Briefly, the SpC of each protein
was divided by its length, defining the spectral abundance
factor (SAF), and normalized to the total sum of SpC in a given
lane, obtaining the Normalized Spectral Abundance Factor

Nanoscale Adv., 2024, 6, 4434-4449 | 4437
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Table 2 Relative abundance of PrC components identified in at least eight out of ten LFs is expressed as normalized spectral abundance factor

(NSAF)

Gene NSAF LF1-S NSAF LF1-L NSAF LF2-S NSAF LF2-L. NSAF LF3-S NSAF LF3-L NSAF LF4-S NSAF LF4-L NSAF LF5-S NSAF LF5-L
FCN3 9.1% 6.3% 2.7% 0.8% 4.4% 3.5% 6.1% 5.4% 5.7% 4.8%
ALB 13.2% 15.9% 24.5% 20.3% 26.5% 23.9% 7.9% 12.4% 20.2% 25.1%
F5 1.3% 3.7% 1.5% 1.2% 0.7% 0.4% 1.1% 0.8% 0.1% 0.5%
VTN 1.2% 2.0% 0.7% 1.6% 0.6% 0.8% 1.2% 1.2% 0.4% 0.5%
SERPINA1 1.4% 1.4% 2.2% 1.7% 1.9% 1.9% 0.9% 1.1% 1.8% 1.4%
FGG 0.3% 0.6% 1.3% 0.8% 1.3% 1.5% 0.7% 0.8% 1.0% 2.0%
C1QC 1.2% 2.5% 2.2% 1.0% 1.1% 2.9% 2.9% 2.7% 1.7% 1.2%
IGKC 26.3% 18.7% 19.5% 16.2% 25.1% 19.4% 26.6% 30.8% 33.2% 23.8%
CD5L 2.3% 2.7% 1.5% 0.8% 0.8% 1.3% 1.4% 1.1% 0.4% 0.4%
IGHM 14.2% 13.0% 6.1% 14.4% 6.7% 11.0% 10.8% 14.1% 3.0% 4.5%
SLC4A1 0.4% 1.1% 2.2% 1.3% 1.2% 2.3% 1.7% 0.7% — 0.1%
C3 0.5% 0.4% 0.8% 0.8% 0.6% 0.3% — 0.2% 1.3% 0.8%
A2M 0.1% 0.4% 0.8% 0.7% 0.6% 1.0% — 0.1% 1.4% 1.7%
APOA1 2.3% 2.6% 0.9% 1.4% 1.0% 1.9% 0.6% — 1.9% 0.7%
C1QB 2.8% 3.5% — 1.1% 1.8% 0.7% 4.9% 0.7% 1.6% 1.3%
C1QA 1.2% 0.9% 0.3% 0.7% 1.1% 0.7% 1.3% 0.4% — —

HP 1.2% 1.5% 1.5% 0.7% 1.5% 0.8% — — 0.7% 2.2%
TF 0.8% 0.9% 1.4% 1.4% 1.2% 0.5% — — 1.1% 1.3%
FGA 0.2% 0.1% 0.1% — 0.2% 0.2% 0.2% 0.7% — 0.1%
IGLC2 — — 5.0% 5.1% 7.3% 3.8% 7.6% 2.7% 10.0% 7.8%
IGHG2 — — 10.2% 13.3% 7.7% 8.7% 13.8% 9.5% 4.2% 7.5%
IGHA1 — — 1.4% 2.3% 1.0% 1.5% 2.3% 1.6% 1.2% 0.3%

(NSAF). To compare the expression of the same protein between
different LFs, the log ratio of SpC (Rs.) was calculated as previ-
ously reported.*

2.7. Bioinformatics analysis

The identified proteins were classified according to the Data-
base for Annotation, Visualization and Integrated Discovery
(DAVID) v6.8 (https://www.david.abcc.nciferf.gov/).** Based on
Fisher's exact test, the DAVID tool can measure the protein
enrichment in Gene Ontology (GO) annotation terms (p-value
=0.05). In addition, the Search Tool for the Retrieval of
Interacting Genes (STRING) vi11 (https://www.string-db.org/)
was used to analyze the most statistically significant and non-
redundant biological processes among the differentially
represented proteins from the label-free proteomic analysis.*
Only annotations of biological processes with a false discovery
rate (FDR) <0.05 are considered significant.

Proteome data were further analyzed using Perseus software
v1.6.15.0 for hierarchical clustering through heatmap visuali-
zation and profile plot analysis.*>** All the clustering analyses
were carried out by choosing Euclidean distance and pre-
processing with the k-means algorithm, allowing spontaneous
grouping without preserving sample order. Moreover, STRING
or the STRINGapp through Cytoscape v3.9 software was also
used to build protein-protein interaction (PPI) networks for the
proteins of interest.>>>

3. Results and discussion

Nanotechnology and proteomics coupled with bioinformatics
have been implemented to investigate the biological effect of

4438 | Nanoscale Adv, 2024, 6, 4434-4449

PrC adsorbed on different multicomponent LFs, and hence, to
shed light on their possible ability to target specific tissues.

3.1. Physicochemical characteristics of liposomes with
different formulations

Liposomes, with different lipid compositions, were studied to
evaluate the effect of the net charge of phospholipid polar head
groups and the surface properties of nanocarriers on the
protein corona adsorption and composition. PrC composition
mainly depends on liposome surface properties, although
payload drug molecules can further affect these properties.>*
Currently, PEG is the gold standard polymer that confers long-
circulating properties to liposomes.”® However, evidence
showed that PEG activates the immune system after multiple
injections, and alternative PEG-like polymers with stealth
properties are needed for systemic injection to avoid the
immune system activation by liposomes. In this scenario,
gangliosides such as GM1 represent a suitable alternative to
PEG owing to their stealth properties, stability in biological
fluids, and immune system avoidance.'® GM1 was recently used
as a neuroprotective agent for the treatment of brain disor-
ders,*”*®* and GM1-liposomes are currently in phase I clinical
trial for the treatment of Parkinson's disease.’> We recently
demonstrated that GM1-liposomes are stable in human plasma
and like PEGylated liposomes, long-circulate after systemic
injection in murine models and decrease neuronal inflamma-
tion and stroke in animal models.*

Given such premises, five liposomal formulations (from LF1
to LF5) were synthetized by self-assembling different molar
ratios of some lipids (DPPC, DPPS, DMPG, DSPE-mPEG750,
DSPE-mPEG5000, GM1) and cholesterol, as shown in Table 1.
All LFs contained zwitterionic DPPC, whose safe nature and low

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Correlation between the relative abundance of PrC compo-
nents and physicochemical properties of LFs. Protein abundance
based on MS spectral counts was correlated with (a) the average size,
(b) PDI and (c) zeta potential of bare LFs by calculating Pearson’s
coefficients. The proteins are reported with the names/acronyms of
their coding genes.

immunogenic properties make the liposomes suitable for
nanomedicine applications. LFs designed for this study con-
tained: (i) anionic phospholipids (LF1 and LF2);** (ii) anionic
phospholipids and PEGylated lipids (LF3 and LF4); (iii) anionic
phospholipids and GM1 glycolipids (LF5). Each LF was extruded
through polycarbonate filters with large (200 nm; LF-L) and
small (100 nm; LF-S) pore sizes, thus obtaining a total of 10
formulations.

All these formulations were characterized by using DLS and
LDE analyses; average size, polydispersity (PDI) and zeta
potential of bare LFs were used as references for their physi-
cochemical characterization. As reported in Fig. 1a, the average
size of all bare LFs was in the range from 116.0 + 1.8 nm to
200.1 + 1.5 nm. LF1 showed the highest average size among all
LFs (p value < 0.005, Fig. 1b). Conversely, the average size of LF3
was the smallest of all LFs-L and LFs-S, respectively (p value <
0.005, Fig. 1b). Among PEG-coating formulations, LF4 showed
significantly increased average size compared to LF3 (p value <
0.005, Fig. 1b). These results could depend on the different MW

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of PEG chains bound to DSPE in LF4 and LF3 that, by rear-
ranging differently on the liposomal surface, affected the final
packing of the liposomal bilayer. In fact, the greater flexibility of
high MW PEG compared to low MW PEG might affect the self-
assembling of lipid derivatives into the liposomal bilayer.*>*
Nonetheless, PEG chains (up to 5 kDa MW) conjugated to DSPE
have been widely used to synthesize long-circulating liposomes
for drug delivery.®* Only LF5-L showed a similar average size
compared to LF4-L with a non-significant difference (Fig. 1b).
These results could be explained by the similar spatial distri-
bution and rearrangement of polyethylene oxide chains of
DSPE-PEG5000 and monosialotetrahexosyl chains of GM1, and
by the amphipathic nature of both macromolecules and their
relative steric barrier activity.”® Moreover, the amphipathic
properties of DSPE-PEG5000 and GM1 allow micelle-like struc-
tures depending on the binding energy of curvature radius and
the self-assembling energy-dependent process.**%”

All the LFs showed PDI <0.25, thus suggesting that liposomes
were stable with narrow size distribution®® (Fig. 1c). PEG-
containing LFs (LF3 and LF4) showed higher PDI values
compared to the others (Fig. 1d), likely because of PEG chains
on the liposome structure. Interestingly, by comparing PDI
values between large and small LFs, only LF2-L (p < 0.005) and
LF5-L (p < 0.05) showed significant differences compared to
their small counterparts. We can speculate that the highest net
negative charge of LF2 and LF5, due to DMPG and GM1,
generated a diverse charge distribution on their surface, char-
acterized by a significantly different colloidal interface area.
Such conditions may change the net curvature radius of lipo-
somes, increasing their final values of PDI after extrusion
through polycarbonate membrane at a specific pressure.

The analyses of zeta potential showed negative values for all
LFs with a net negative surface charge below —15 mV (Fig. 1e),
thus suggesting the synthesis of stable liposomes. LF2 showed
the most negative zeta potential compared to all LFs (p < 0.005
and p <0.05, Fig. 1f). The MW of PEG affects the zeta potential of
LF3 and LF4, with LF3 more negatively charged than LF4
(Fig. 1f). Differences in the zeta potential values can depend on
the number of polyethylene oxide chains that are present in the
backbone structure of DSPE-PEG5000 and DSPE-PEG750, sug-
gesting that low MW PEG has a lower shielding capability than
high MW PEG.* Different from PEG, GM1 had a lower shielding
effect on LF5 (Fig. 1e). Finally, all LFs, except for LF3 and LF5,
also showed statistically significant differences among LFs-L
versus LFs-S (p < 0.005, Fig. 1e).

3.2. Quali-quantitative composition of liposome PrC and
correlations with LF physicochemical properties

HuP was incubated with LFs to allow the formation of PrC-NP
complexes. After the elution from LFs, adsorbed HuP proteins
were separated by SDS-PAGE (ESI Fig. S17), and the bands were
analyzed by LC-MS/MS for protein identification. The PrC
components associated with each LF (from LF1 to LF5) are lis-
ted in ESI Tables S1-S5,7 including the details of MS analysis.

We identified a total of 72 unique proteins adsorbed on and
shared by the different LFs; in particular, MS analysis assigned

Nanoscale Adv., 2024, 6, 4434-4449 | 4439
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Table 3 Functional annotation analysis of PrC identified components adsorbed on liposomal formulations extruded at 200 nm and 100 nm (LFs-

L and LFs-S, respectively)

Functional

LFsLF GO terms categories p-Value Proteins

LF1-L Immunoglobulin receptor binding MF* 3.5 x 1077 IGHA2, IGHG3, IGHM, IGKC, IG]
Fibrinogen complex cc? 7.5 x 10~7 FGA, FGB, FGG, THBS1
Protein polymerization BP¢ 3.2 x 10°® FGA, FGB, FGG, VIN

LF1-S Immunoglobulin receptor binding MF* 1.7 x 1077 IGHA2, IGHG3, IGHM, IGKC, IG]J
Protein polymerization BP° 1.9 x 10~® FGA, FGB, FGG, VIN
Fibrinogen complex cc? 1.1 x 107" FGA, FGB, FGG
Very-low-density lipoprotein particle cc? 5.9 x 10~* APOB, APOE, APOA1

LF2-L Complement activation BP* 6.8 x 10~ C1QA, C1QB, C1QC, C3, C4A, CFB, FCN3, IGHG2,

IGKC, IGLC2

Immunoglobulin receptor binding MF“ 4.2 x 10~° IGHA1, IGHG2, IGHM, IGKC, IGLC2, IG]
Fibrinogen complex cc? 1.8 x 107" FGB, FGG, THBS1
Very-low-density lipoprotein particle cc? 9.6 x 10" APOA1, APOE, APOL1

LF2-S Immunoglobulin receptor binding MF* 2.8 x 10~° IGHA1, IGHG2, IGHM, IGKC, IGLC2, IG]
Protein polymerization BP¢ 3.0 x 10~° FGA, FGB, FGG, VTN

LF3-L Immunoglobulin receptor binding MF“ 6.7 x 10~° IGHA1, IGHG2, IGHM, IGKC, IGLC2, IG]
Fibrinogen complex cc? 1.2 X 10°® FGA, FGB, FGG, THBS1

LF3-S Immunoglobulin receptor binding MF* 3.6 x 10~° IGHA1, IGHG2, IGHM, IGKC, IGLC2, IG]
Fibrinogen complex cc? 8.1 x 1077 FGA, FGB, FGG, THBS1

LF4-L Immunoglobulin receptor binding MF“ 2.6 x 10~ % IGHA1, IGHG2, IGHM, IGKC, IGLC2
Protein polymerization BP¢ 5.5 x 1077 FGA, FGB, FGG, VTN

LF4-S Immunoglobulin receptor binding MF“ 7.6 x 10~% IGHA1, IGHG2, IGHM, IGKC, IGLC2
Fibrinogen complex cc? 2.7 x 1077 FGA, FGB, FGG, THBS1
Protein polymerization BP¢ 1.2 x 10°® FGA, FGB, FGG, VIN

LF5-L Phagocytosis, engulfment BP° 2.0 x 10~® GSN, IGHA1, IGHG2, IGHM, IGKC, IGLC2
Fibrinogen complex cct 8.8 x 107 FGA, FGB, FGG, THBS1
Protein polymerization BP° 3.8 x 10°° FGA, FGB, FGG, VTN

LF5-S Complement activation BP* 1.3 x 107 C1QB, C1QC, C3, C4A, CFB, FCN2, FCN3, IGHG2,

IGKC, IGLC2

Phagocytosis, engulfment BP° 6.6 x 10~° GSN, IGHA1, IGHG2, IGHM, IGKC, IGLC2
Phosphatidylcholine-sterol O-acyltransferase MF¢ 5.5 x 107> APOA1, APOA4, APOE
activator activity
Protein polymerization BP° 2.9 x 10~* FGB, FGG, VTN

@ Molecular function. ? Cellular component. © Biological process.

36 protein species for LF1-S, 42 for LF1-L, 39 for LF2-S, 43 for
LF2-L, 41 for LF3-S, 47 for LF3-L, 29 for LF4-S, 24 for LF4-L, 34
for LF5-S and 43 for LF5-L (ESI Tables S1-S57). Based on MS
spectral counts, the relative abundances of these identified
proteins were expressed as normalized spectral abundance
factor (NSAF) and then evaluated and compared in all LFs. A
total of 23 different proteins identified in the corona of at least
eight out of ten LFs are listed in Table 2. Among them, 11
species were found to bind all the LFs with different abun-
dances. Immunoglobulin kappa constant (IGKC) and albumin
(ALB) were the most represented species in all formulations,
showing 24.0 + 5.5% and 19.0 + 6.3% as average abundance,
respectively. Some other species had a preferential binding
based on the size of a specific LF (for example, band 3 anion
transport protein, SLC4A1, for LF5-L) or were undetected in
specific formulations, regardless of the size (for example,
haptoglobin, HP, and transferrin, TF) for LF4.

The functional/pathway analysis performed on this specific
set of proteins revealed that 15 out of 23 clustered in a high-
interconnected network related to the “complement and coag-
ulation cascades” pathway (FDR = 8.09 x 10~ *"), also including

4440 | Nanoscale Adv, 2024, 6, 4434-4449

a subnetwork of the complement C1q subunits (C1QA, C1QB
and C1QC), (ESI Fig. S21).

To assess whether the relative abundance of this set of 23
species could be related to their physicochemical properties, we
determined the Pearson's coefficients between protein-specific
MS spectral counts and the average size, or PDI or zeta poten-
tial of the bare LFs (Fig. 2). As shown in Fig. 2a, only vitronectin
(VIN) exhibited a significant positive association with the
average size of LFs. Interestingly, high levels of VIN were
observed in the PrC of lipidic NPs, showing a preferential
accumulation in tumor tissues.” This finding highlights the
importance of VIN-enriched corona on liposomes in terms of
their putative capability to target cancer cells over-expressing
the integrin receptor.

As for PDI, only C1QC and TF proteins showed significant
Pearson's R values: C1QC showed a positive association, thus
implicating that the higher amount matched more polydisperse
liposomes, whereas TF showed a negative correlation, suggest-
ing a binding preference to more homogeneous LFs (Fig. 2b).
C1QC is a well-known protein of the C1q family, which carries
out an essential role in innate immunity, contributing to
nonspecific host defense.”” On the other hand, TF is an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Quantitative proteomic analysis of PrC components for LF2-L
versus LF2-S

Protein Gene Rsc” Protein Gene Ry“
Thrombospondin-1 THBS1 4.27 Spectrin beta chain, erythrocytic SPTB 5.08
Inter-alpha-trypsin inhibitor heavy chain H4 ITIH4 3.42 Alpha-1-acid glycoprotein 1 ORM1 4.42
Inter-alpha-trypsin inhibitor heavy chain H1 ITIH1 3.21 Complement C1q subcomponent subunit B C1QB 3.93
Inter-alpha-trypsin inhibitor heavy chain H2 ITIH2 2.97 Ankyrin-1 ANK1 3.93
Spectrin beta chain, erythrocytic SPTB 2.68 Histidine-rich glycoprotein HRG 3.72
Spectrin alpha chain, erythrocytic 1 SPTA1 2.68 Ceruloplasmin CP 3.72
Ankyrin-1 ANK1 2.32 Thrombospondin-1 THBS1 3.48
Ceruloplasmin CP 1.83 Apolipoprotein L1 APOL1 2.83
Coagulation factor V F5 1.32 C4b-binding protein alpha chain C4BPA 2.83
Alpha-2-macroglobulin A2M 1.31 Alpha-1B-glycoprotein A1BG 2.34
Band 3 anion transport protein SLC4A1 1.22 Immunoglobulin J chain 1G] 2.10
Immunoglobulin J chain 1G] 1.10 Alpha-1-acid glycoprotein 1 ORM1 4.42
Complement C1q subcomponent subunit C C1QC 0.737  Complement C1q subcomponent subunit B C1QB 3.93
Histidine-rich glycoprotein HRG 0.645  Ankyrin-1 ANK1 3.93
Vitronectin VIN 0.458  Histidine-rich glycoprotein HRG 3.72
Fibrinogen gamma chain FGG 0.441  Ceruloplasmin CP 3.72
Clusterin CLU 0.441 Thrombospondin-1 THBS1 3.48
Immunoglobulin alpha-2 heavy chain IGHA2 0.377  Apolipoprotein L1 APOL1 2.83
Ig gamma-3 chain C region IGHG3 0.341  C4b-binding protein alpha chain C4BPA 2.83
Actin, cytoplasmic 1 ACTB 0.044  Alpha-1B-glycoprotein A1BG 2.34
Haptoglobin HP 0.016 Immunoglobulin J chain 1G] 2.10
Complement C1q subcomponent subunit B C1QB —0.001 Immunoglobulin heavy constant mu IGHM 1.39
Serum albumin ALB —0.028  Vitronectin VIN 1.23
CD5 antigen-like CD5L —0.087 Complement C1q subcomponent subunit A C10QA 0.867
Apolipoprotein A-1 APOA1 —0.141  Ig alpha-1 chain C region IGHA1 0.741
Serotransferrin TF —0.167  Apolipoprotein A-1 APOA1 0.568
Alpha-1-antitrypsin SERPINA1 —0.301 Complement factor B CFB 0.503
Ficolin-2 FCN2 —0.352  Ig gamma-2 chain C region IGHG2 0.426
Immunoglobulin heavy constant mu IGHM —0.484  Vitamin D-binding protein GC 0.380
Fibrinogen alpha chain FGA —0.496  Alpha-1-antichymotrypsin SERPINA3 0.380
Lipopolysaccharide-binding protein LBP —0.497 Ig lambda-2 chain C regions IGLC2 0.016
Complement C1q subcomponent subunit A C1QA —0.643  Spectrin alpha chain, erythrocytic 1 SPTA1 0.016
Complement C3 C3 —0.667 Complement C4-A C4A 0.016
Immunoglobulin kappa variable 3-15 IGKV3-15 —0.786  Complement C3 C3 —0.028
Immunoglobulin heavy variable 1-3 IGHV1-3  —0, 786 Serotransferrin TF —0.045
Immunoglobulin kappa constant IGKC —0.826  Alpha-2-macroglobulin A2M —0.091
Ficolin-3 FCN3 —0.875 Inter-alpha-trypsin inhibitor heavy chain H2 ITIH2 —0.226
Apolipoprotein E APOE —0.905 Inter-alpha-trypsin inhibitor heavy chain H4 ITIH4 —0.226
Fibrinogen beta chain FGB —1.01 Immunoglobulin kappa constant IGKC —0.273
C4b-binding protein alpha chain C4BPA -1.14 Peroxiredoxin-2 PRDX2 —0.274
Hemopexin HPX —1.39 Alpha-1-antitrypsin SERPINA1 —0.353
Vitamin D-binding protein GC —1.58 Inter-alpha-trypsin inhibitor heavy chain H1 ITIH1 —0.383
Alpha-1-antichymotrypsin SERPINA3 —2.37 Serum albumin ALB —0.402
Apolipoprotein B-100 APOB —3.30 Coagulation factor V F5 —0.407
% Ry, log 2 ratio between the protein expression levels in the corona of Fibrinoger} gamma chain : rag —0-000
LF1-L versus LF1-S. Proteins in grey with Ry, =1.40 or =—1.40 were Band 3 B:IllOIl .transport protein SLCAAL —0.727
considered differentially represented. CD,S antlgen—hke. CD5L —0.840
Actin, cytoplasmic 1 ACTB —0.935
Haptoglobin HP —1.05
abundant human serum iron-binding glycoprotein with multi- Complement C1q subcomponent subunit C C1QC -1.05
task functions,” well known for its natural targeting ability; as ~ ApolipoproteinE APOE -1.11
a matter of fact, it is used as a ligand for functionalizing NPs to  Fibrinogen beta chain FGB —1.52
. . 74 7576 Ficolin-3 FCN3 —1.66
actively target brain’ and/or cancer cells.”™ Catalase CAT —2.31
Interestingly, we found several significant correlations clysterin CLU —2.79
between the protein relative abundances of PrC components Fibrinogen alpha chain FGA —2.79
and zeta potential (Fig. 2c). Indeed, ficolin-3 (FCN3), C1QA and ~ Immunoglobulin heavy variable 3-9 IGHV3 —3.16
C1QB were positively associated, thus implicating that their ~S¢rum amyloid P-component APCS —345
Ficolin-2 FCN2 —4.24

preferred binding was toward the less negative NPs. On the
other hand, the relative abundances of ALB, alpha-1-antitrypsin
(SERPINA1), complement C3 (C3), alpha-2-macroglobulin
(A2M), HP and TF were negatively associated with zeta

© 2024 The Author(s). Published by the Royal Society of Chemistry

® R, log 2 ratio between the protein expression levels in the corona of
LF2-L versus LF2-S. Proteins in grey with R, =1.40 or =—1.40 were
considered differentially represented.
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Table7 Quantitative proteomic analysis of PrC components for LF4-L
versus LF4-S

Protein Gene Ry Protein Gene Ry“
Ficolin-2 FCN2 3.60 Immunoglobulin heavy variable 3-66 IGHV3-66 3.64
Complement factor H-related protein 1 CFHR1 3.35 Histidine-rich glycoprotein HRG 3.64
Histidine-rich glycoprotein precursor HRG 3.35 Complement component C3 C3 3.64
Desmoplakin I DSP 3.35 Alpha-2-macroglobulin precursor A2M 3.15
Annexin A1 ANXA1 2.21 Fibrinogen alpha chain FGA 1.73
Alpha-1-antichymotrypsin SERPINA3 2.21 Immunoglobulin kappa variable 3D-11 IGKV3D-11 1.32
Heat shock protein HSP 90-alpha HSP90AA1 2.21 Immunoglobulin kappa variable 3-20 IGKV3-20 1.12
Spectrin beta chain, erythrocytic SPTB 1.78 Fibrinogen beta chain FGB 0.951
Thrombospondin-1 THBS1 1.49 Serum albumin ALB 0.807
Complement C1q subcomponent subunit C C1QC 1.25 Immunoglobulin heavy constant mu IGHM 0.491
Immunoglobulin J chain 1G] 1.11 Alpha-1-antitrypsin SERPINA1 0.380
Complement factor H CFH 1.11 Fibrinogen gamma chain FGG 0.295
Fibrinogen beta chain FGB 0.939 Immunoglobulin kappa constant IGKC 0.255
Band 3 anion transport protein SLC4A1 0.905  Vitronectin VIN —0.001
Ankyrin-1 ANK1 0.848 Complement C1q subcomponent subunit C C1QC —0.026
Apolipoprotein A-I APOA1 0.717  Ficolin-3 FCN3 —0.166
Alpha-2-macroglobulin A2M 0.687  CD5 antigen-like CD5L —0.259
Immunoglobulin heavy constant mu IGHM 0.676  Ig alpha-1 chain C region IGHA1 —0.441
CD5 antigen-like CD5L 0.584  Coagulation factor V F5 —0.462
Hemopexin HPX 0.542 Ig gamma-2 chain C region IGHG2 —0.581
Ig alpha-1 chain C region IGHA1 0.449 Band 3 anion transport protein SLC4A1 -1.19
Vitronectin VIN 0.439 Complement C1q subcomponent subunit A C1QA —1.30
Actin, cytoplasmic 1 ACTB 0.420 Ig lambda-2 chain C regions IGLC2 —1.35
Fibrinogen gamma chain FGG 0.088  Peroxiredoxin-2 PRDX2 —1.50
Ig gamma-2 chain C IGHG2 0.087  Apolipoprotein A-1 APOA1 —1.99
Spectrin alpha chain, erythrocytic 1 SPTA1 0.048 Thrombospondin-1 THBS1 —2.00
Alpha-1-antitrypsin SERPINA1  —0.033  Ankyrin 1 ANK1 —2.36
Fibrinogen alpha chain FGA —0.113 Complement C1q subcomponent subunit B C1QB —2.46
Serum albumin ALB —0.394  Erythrocyte band 7 integral membrane STOM —2.65
Ficolin-3 FCN3 —0.454  protein
Ceruloplasmin CP —0.477  Actin, cytoplasmic 1 ACTB —2.89
Immunoglobulin kappa constant IGKC —0.497  Spectrin alpha chain, erythrocytic 1 SPTA1 —2.89
Complement C1q subcomponent subunit A C1QA —0.647  Spectrin beta chain, erythrocytic SPTB —3.28
Coagulation factor V F5 -0.708 . X X .
Pre-serum amyloid P component APCS _0.851 R, log 2 ratio between t.he protein expression levels in the corona of
Haptoglobin HP _0.971 LF4—I.4 versus ‘LF4-S. .Protelns in grey with Rs. =1.40 or =—1.40 were
considered differentially represented.
Complement C3 C3 —0.979
Ig lambda-2 chain C regions IGLC2 -1.01
Erythrocyte band 7 integral membrane protein ~ STOM 101 «“jmmunoglobulin receptor binding” MF is the most repre-
Inter-alpha-trypsin inhibitor heavy chain H1 ITIHI “120 gented GO term among the different LFs, except for LF5. Simi-
Serotransferrin TF —1.25 o . .
Inter-alpha-trypsin inhibitor heavy chain H2 ITIH2 _1.05 larly, the most significant CC and BP categories included
Inter-alpha-trypsin inhibitor heavy chain H4 ITIHA4 ~1.34  “fibrinogen complex” and “protein polymerization”, being the
Complement C1q subcomponent subunit B C1QB —1.34  PrCs highly enriched in fibrinogen proteins (Table 3). In line
Complement component C4A Caa —2.33  with previous findings,">”” fibrinogen and immunoglobulins
Gelsolin GSN “244 ediate the opsonization phenomena, by which liposomes are
Apolipoprotein B-100 APOB —3.58 ’

“ Rsc, log 2 ratio between the protein expression levels in the corona of
LF3-L versus LF3-S. Proteins in grey with R, =1.40 or =—1.40 were
considered differentially represented.

potential, meaning that higher contents correlated with lower
zeta potential (Fig. 2c).

3.3. Functional classification of plasma proteins in the
corona of LFs

The enrichment of Gene Ontology (GO) terms was performed on
all the identified proteins to characterize them functionally
according to Molecular Function (MF), Cellular Component
(CC) and Biological Process (BP) categories (Table 3). The

4442 | Nanoscale Adv, 2024, 6, 4434-4449

marked to be eliminated by MPS. Interestingly, “complement
activation” BP, to which opsonins belong, was not significantly
represented in the coronas of PEGylated liposomes (Table 3),
thus endorsing the anti-opsonization effect of PEG coating of
NPs.”® Accordingly, also apolipoproteins, another class of
opsonin whose adsorption is able to modulate liposome bio-
distribution,”® clustered in GO terms that are significantly rep-
resented in the coronas of PEG-free LFs (Table 3).

3.4. Differentially represented plasma proteins in the corona
of LFs

Liposomes with the same formulation and different extru-
sion sizes. We performed MS-based label-free quantitative

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Quantitative proteomic analysis of PrC components for LF5-L
versus LF5-S

Protein Gene Ry
Immunoglobulin kappa variable 2-30 IGKV2-30 3.12
Immunoglobulin heavy variable 3-72 IGHV3-72 2.91
Histidine-rich glycoprotein HRG 2.67
Band 3 anion transport protein SLC4A1 2.38
Immunoglobulin kappa variable 3-20 IGKV3-20 2.38
Fibrinogen alpha chain FGA 2.38
Thrombospondin-1 precursor THBS1 2.01
Plasma protease C1 inhibitor precursor SERPING1 2.01
Coagulation factor V F5 1.91
Alpha-2-HS-glycoprotein AHSG 1.53
Complement factor H CFH 1.53
Haptoglobin HP 1.46
Apolipoprotein E APOE 1.18
Fibrinogen gamma chain FGG 0.757
Ig gamma-2 chain C region IGHG2 0.693
Hemopexin HPX 0.562
Immunoglobulin heavy constant mu IGHM 0.440
Serum albumin ALB 0.245
Alpha-2-macroglobulin A2M 0.139
Vitronectin VIN 0.123
Serotransferrin TF 0.054
Zinc-alpha2-glycoprotein AZGP1 0.053
Complement factor B CFB 0.053
CD5 antigen-like CD5L —0.143
Inter-alpha-trypsin inhibitor heavy chain ITIH1  ITIH1 —0.180
Complement component C4A C4A —0.291
Fibrinogen beta chain FGB —0.301
Serum amyloid P-component APCS —0.311
Ficolin-3 FCN3 —0.443
Inter-alpha-trypsin inhibitor heavy chain H4 ITIH4 —0.495
Complement C1q subcomponent subunit B C1QB —0.525
Ig lambda-2 chain C regions IGLC2 —0.531
Alpha-1-antitrypsin SERPINA1  —0.564
Inter-alpha-trypsin inhibitor heavy chain H2 ITIH2 —0.640
Complement C1q subcomponent subunit C C1QC —0.657
Immunoglobulin kappa constant IGKC —0.694
Gelsolin GSN —0.797
Alpha-1-antichymotrypsin SERPINA3  —0.798
Complement C3 C3 —0.932
Apolipoprotein A-1 APOA1 —1.63
Ceruloplasmin CP -1.77
Ig alpha-1 chain C region IGHA1 —2.25
Ficolin-2 FCN2 —2.55
Apolipoprotein A-IV APOA4 —3.12

¢ Rgc, log 2 ratio between the protein expression levels in the corona of
LF5-L versus LF5-S. Proteins in grey with Rgc =1.40 or =—1.40 were
considered differentially represented.

analysis using the spectral counting approach for protein
abundance estimation. We compared the expression levels of
identified plasma proteins between liposomes with the same
formulation and different extrusion sizes: LFs-L versus LFs-S
(Tables 4-8). Fifty unique proteins with Ry, =1.40 or =—1.40
were considered differentially represented in the corona of large
and small LFs: 11 species for LF1, 19 for LF2, 13 for LF3, 14 for
LF4 and 17 for LF5 (Tables 4-8). Among them, some proteins
were formulation-specific, as reported in Fig. 3: 4 species for
LF1, 10 for LF2, 6 for LF3, 6 for LF4 and 11 for LF5; in addition,
their binding preferences in relation to the extrusion size are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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indicated in Fig. 3a. In particular, inter-alpha-trypsin inhibitor
heavy chain H1, H2 and H4 (ITIH1, ITIH2, ITIH4) and vitamin
D-binding protein (GC) were all LF1-specific proteins: the first
three were over-represented in the corona of LF1-L versus LF1-S,
whereas GC was under-represented within the same pairwise
comparison. Among the ten differentially represented proteins
in the corona of LF2-L versus LF2-S (Fig. 3a), those under-
represented, such as ficolin-3 (FCN3), C4b-binding protein
alpha chain (C4BPA), serum amyloid P-component (APCS) and
FGB, and the over-represented ones, apolipoprotein L1 (APOL1)
and immunoglobulin J chain (IG]), were all significantly related
to the biological process “innate immune response” (FDR =
0.0038) according to STRING analysis. Similarly, the “immune
system” pathway was significantly enriched (FDR = 0.0024)
among all the six LF3-specific differentially represented
proteins (Fig. 3a). As for the over-represented proteins in the
corona of LF4-L versus LF4-S, alpha-2-macroglobulin (A2M) and
complement C3 (C3) were significantly related to the biological
process “regulation of complement activation” (FDR = 0.0223),
whereas the under-represented proteins, within the same pair-
wise comparison, did not cluster in any biological processes
according to STRING analysis. Among LF5-specific differentially
represented proteins, only complement factor H (CFH), plasma
protease C1 inhibitor precursor (SERPING1) and coagulation
factor V (F5) significantly clustered in the “complement and
coagulation cascades” pathway (FDR = 0.00076): all these three
proteins were over-represented in the corona of LF5-L versus
LF5-S (Fig. 3a). Overall, these results strengthen the evidence of
the role that the NP size plays in determining preferential
adsorption of specific proteins on the liposome surface as well
as their relative abundance in the PrC.

Moreover, other proteins were found in PrC as common
species to at least three LFs as reported in the Venn diagram of
Fig. 3a; their binding preferences (LFs-L versus LFs-S) are shown
in Fig. 3b. For example, thrombospondin-1 (THBS1) was shared
by all the LFs; whereas spectrin beta chain, erythrocytic (SPTB)
by all LFs except for GM1-coated LFs and ankyrin-1 (ANK1) only
by PEG-free LFs (LF1 and LF2) and PEGylated LF4. Interestingly,
all these common proteins were, in general, over-represented in
LFs-L versus LFs-S except for PEGylated LF4 (Fig. 3b).

Liposomes with the same extrusion size and different
formulations. We also compared the expression levels of iden-
tified plasma proteins among liposomes with the same extru-
sion size (100 nm or 200 nm) and different LFs. In the ESI
Tables S6 and S7,f R, values of ten pairwise comparisons are
reported for each identified protein in the corona of either all
LFs-L or LFs-S, respectively. To point out groups of proteins
sharing common and/or specific patterns in terms of relative
abundance in the PrC of the different LFs, we generated heat-
map views based on the R, values (ESI Fig. S3a and bt for LFs-L
and LFs-S, respectively). Interestingly, several proteins showed
the same expression trends in all the possible pairwise
comparisons (ESI Table S8t). However, the clustering high-
lighted different patterns between the two heatmap views (ESI
Fig. S3a and bf).

Among the investigated LFs, PEG- and GM1-bearing LFs
(LF3-5) are suitable NPs for applications of in vivo delivery in
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Fig. 3 Venn diagram of differentially represented proteins in the corona. (a) Venn diagram shows the over-represented (red arrow) and under-
represented (green arrow) proteins specific for each of the five pairwise comparisons (listed in the box) and those common to at least three
pairwise comparisons. (b) Within each pairwise comparison, proteins shared by LFs were reported together with their differential representation
(LFs-L versus LFs-S). Only proteins with Rsc of =1.40 or =—1.40 were included in the diagram. n.d. = not determined (the protein was not
identified in both LF-L and LF-S formulations); / = below the threshold, i.e., Rsc < 1.40 or >—1.40.

terms of extended circulation time and immune/
reticuloendothelial system avoidance;**> moreover, GM1-NPs
are also able to overcome the brain barrier (BBB).**** Hence,
we pointed out the composition-specific patterns shared by
small and large LF5 in comparison with the corresponding
PEGylated LFs (Fig. 4a).

Interestingly, the comparison between LF5 and LF3/LF4
corona allowed us to identify two dense groups of proteins,
termed cluster 1 and cluster 2, which showed a marked opposite
NP-binding preference (Fig. 4a). In fact, cluster 1 proteins
preferentially bind PEGylated liposomes (LF3 and LF4), while
cluster 2 proteins preferentially adsorb onto GM1 liposomes
(LF5). The trends of relative abundance of cluster 1 and 2
proteins are highlighted by a profile plot analysis in Fig. 4a, left
inserts. A magnification of these profile plots, including protein
names, is shown in ESI Fig. S4.F

Cluster 1 is constituted by 7 proteins, namely erythrocyte
band 7 integral membrane protein (STOM), peroxiredoxin-2

4444 | Nanoscale Adv., 2024, 6, 4434-4449

(PRDX2), SLC4A1, THBS1, SPTB, spectrin alpha chain, erythro-
cytic 1 (SPTA1), ANK1, and is more represented in the PrC of
PEGylated LFs (LF3 and LF4) than in GM1-incorporating ones
(LF5). All these proteins, except THBS1, cluster together, as
revealed by STRING analysis (Fig. 4b). Among them, SLC4A1,
SPTB, SPTA1, and ANK1 physically interact with each other.
Interestingly, similar proteins were identified in vitro and in vivo
in the PrC of PEGylated formulations, enforcing a putative role
of these species in the nano-bio interfaces between HuP and
NPs.'®#>3¢ However, the effects of such corona proteins remain
to be understood. As for THBS1, this secreted glycoprotein
interacts with components of the extracellular matrix and
various cell surface receptors. It is present in plasma, acting as
a regulator of blood pressure and hemostasis, and it also plays
roles in regulating immune responses. THBS1 can bridge
phagocytic immune cells with other cell types, including
platelets and apoptotic cells, thereby promoting the activity of
professional phagocytic cells.*” Hence, we may speculate that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the presence of this protein on the NP surface might enhance
the MPS clearance. Here, THBS1, as the other cluster1 proteins,
preferentially binds LF3 and LF4 rather than LF5, suggesting
that the supposed enhanced phagocytic effect could be higher
in PEGylated LFs than in GM1 LFs. Moreover, THBS1 showed
size-dependent differential binding with all the LFs (Fig. 3a and
b), and it is more represented in the corona of LFs-L than LFs-S,
except in the case of LF4 (bearing long PEG chains). This
additional result could imply that the phagocytic effect could be
higher for LF-L that for LF-S, except for high MW PEGylated
liposomes.

Cluster 2 is comprised of 26 proteins, of which 24 species
cluster together upon STRING analysis (Fig. 4c). Among them, 6
proteins are regulators or factors of the complement system
(ficolin-2, FCN2, complement factor B, CFB, ITIH4, complement

© 2024 The Author(s). Published by the Royal Society of Chemistry

factor H, CFH, complement C4-A, C4A, C3).”**® In addition,
within Cluster 2, apolipoprotein A-IV (APOA4), HP, apolipo-
protein A-I (APOA1), hemopexin (HPX), apolipoprotein E
(APOE), TF, ALB, and A2M constitute a network of interacting
species (Fig. 4c), suggesting a possible mechanism of coopera-
tive adsorption of proteins.?**°

Some proteins belonging to cluster 2 have been previously
reported in PrC studies and here they are shared by most of the
investigated LFs (Table 2). In fact, besides ALB, whose functions
as NP components are well-known,'®”* TF, APOE and APOAL1 are
used to functionalize liposomes or other NPs for active target-
ing. Conjugation of NPs with TF is extensively used for drug
delivery purposes since such strategy exploits the ability to
specifically bind to transferrin receptors (TFR); in fact, many
types of tumor cells and endothelial cells over-express TFR,

Nanoscale Adv., 2024, 6, 4434-4449 | 4445
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thereby allowing TF-conjugated NPs to take advantage of TFR-
mediated endocytosis.”* Indeed, liver cells highly overexpress
TFRs” and, recently, TF-conjugated liposomes were used to
effectively target liver cancer.”® However, a large body of
evidence indicates that TF-functionalized liposomes are
particularly effective for blood-brain barrier (BBB) targeting
and drug delivery to the central nervous system (CNS)***° since
TFRs are abundant on the plasmatic membrane of brain
endothelial cells and neurons.®>*®

APOE and APOA1 apolipoproteins are considered (together
with ALB) dysopsonins’®® that can inhibit monocyte uptake”
and confer stealth properties to NPs.”” As part of the delicate
balance between opsonins and dysopsonins that determine the
fate of NPs,” the preferential presence on the LF5 corona of
APOE and APOA1, together with ALB, could represent a molec-
ular label that potentially makes GM1-liposomes more suitable
than PEG-liposomes for drug delivery applications. Interest-
ingly, APOE conjugation with liposomes is widely used as
a means to enhance delivery to the CNS**7* and liver.* In fact,
APOE functions as a ligand for low density lipoprotein (LDL)
receptors (LDLR) that are expressed at high levels by normal and
tumoral hepatocytes, brain endothelial cells and neuronal
cells.”® The presence of APOE on the surface of NPs enhances
the ability to overcome the BBB through LDLR-mediated
transcytosis/endocytosis, thereby favoring the accumulation of
NPs or their payload to brain tumors.*®

APOA1 is a main protein constituent of high-density lipo-
protein (HDL) and can actively bind to HDL receptors and
mainly to scavenger receptor type I (SR-B1), which are highly
expressed on the membrane of hepatocytes.’*'® For this
reason, APOA1l-conjugated liposomes/NPs have been widely
adopted in liver-targeted drug delivery strategies.'*>'*

Taken together, the co-presence of TF, APOE and APOA1 on
the PrC of GM1-containing liposomes could be a signature
characterizing NPs able to target specific tissues, such as the
brain and the liver.

4. Conclusions

This study consisted of a formulation/size-based multiplexed
mapping of PrC composition that allowed us to highlight (i) the
common as well as the unique species for all formulations; (ii)
the correlation between each identified corona protein and
various physicochemical properties (size, PDI or zeta potential);
(iii) some preferential binding determined by the size within the
same formulation, or by the formulation within the two extru-
sion sizes; (iv) the striking different corona composition
between PEG- and GM1-containing LFs. In fact, we identified
two clusters of plasma proteins with a preferential binding to
PEG-containing liposomes (cluster 1) or GM1-containing
formulations (cluster 2).

Currently, some authors recognize it as instrumental to
distinguish protein patterns within PrC constituted by a quali-
quantitative variety of species organized in a sort of multifac-
eted protein domains. These may represent a structural/
functional tridimensional scaffold motif that mediates cell
targeting and uptake.***” In agreement with the novel concept
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of bionanosynapsis, representing the interaction between PrC-
NPs and biological tissues able to trigger a cellular
response,***” we suggest cluster 1 and 2 as multifaceted protein
domains that specifically contribute to the novel biological
identity of PEG- and GM1-coated liposomes, respectively.

The results obtained in this work take into account the
possibility of controlling the PrC composition by modulating
physicochemical properties and tuning surface features of LFs
to the possible future aim of targeting active molecules to the
specific tissue of action. Investigating clusters in PrC will help to
decode the multivalent roles of the protein pattern components
in the drug delivery process, taking advantage of the bionano-
scale recognition and identity for significant advances in
nanomedicine.

However, to reach such future progress, there is an urgent
need for innovative approaches, including the implementation
of artificial intelligence and machine learning algorithms
aimed at disentangling the heterogeneous composition of NP
coronas, such as the metabolite corona.'***** Indeed, the low
molecular weight metabolites may further influence the bio-
nano interactions, and hence, other specific biological insights.
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