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Combining confocal microscopy, dSTORM, and
mass spectroscopy to unveil the evolution of the
protein corona associated with nanostructured
lipid carriers during blood—brain barrier crossingf

*a Natalia Feiner,?© Christos Tapeinos, (2
2 Attilio Marino, €2 2 Martina Bartolucci,®
b€ and Gianni Ciofani {2 *@

Matteo Battaglini,
Daniele De Pasquale,® Carlotta Pucci,
Andrea Petretto,? Lorenzo Albertazzi

Upon coming into contact with the biological environment, nanostructures are immediately covered by
biomolecules, particularly by proteins forming the so-called “protein corona” (PC). The phenomenon of
PC formation has gained great attention in recent years due to its implication in the use of nanostructures in bio-
medicine. In fact, it has been shown that the formation of the PC can impact the performance of nanostructures
by reducing their stability, causing aggregation, increasing their toxicity, and providing unexpected and undesired
nanostructure—cell interactions. In this work, we decided to study for the first time the formation and the evol-
ution of PC on the surface of nanostructured lipid carriers loaded with superparamagnetic iron oxide nano-
particles, before and after the crossing of an in vitro model of the blood—-brain barrier (BBB). Combining confocal
microscopy, direct STochastic Optical Reconstruction Microscopy (dSTORM), and proteomic analysis, we were
able to carry out a complete analysis of the PC formation and evolution. In particular, we highlighted that PC for-
mation is a fast process, being formed around particles even after just 1 min of exposure to fetal bovine serum.
Moreover, PC formed around particles is extremely heterogeneous: while some particles have no associated PC
at all, others are completely covered by proteins. Lastly, the interaction with an in vitro BBB model strongly
affects the PC composition: in particular, a large amount of the proteins forming the initial PC is lost after the
BBB passage and they are partially replaced by new proteins derived from both the brain endothelial cells and
the cell culture medium. Altogether, the obtained data could potentially provide new insights into the design
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tElectronic supplementary information (ESI) available: Five supplementary
figures depicting the BBB characterization, the time-dependent evolution of PC
associated with LMNVs analyzed by confocal microscopy, and the co-localization
analysis between LMNVs and, respectively, lysosomes, clathrin-positive vesicles,
and caveolin-positive vesicles. Seven supplementary tables reporting the lists of
proteins present in LMNV-PC after the BBB passage, of proteins present in
LMNV-PC exposed just to FBS without the passage through the BBB, of proteins
conserved before and after the BBB passage, of proteins associated with LMNVs
exposed to the secretome of bEnd.3 cells, of proteins associated both with
LMNVs that crossed the BBB and with LMNVs that were exposed to the bEnd.3
secretome, of proteins associated both with LMNVs exposed to only FBS and
LMNVs exposed to the bEnd.3 secretome, and finally of proteins present under
all experimental conditions. See DOI: https://doi.org/10.1039/d2nr00484d
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and fabrication of lipid nanostructures for the treatment of central nervous system disorders.

Introduction

Nanostructures exposed to a biological environment (e.g., the
bloodstream after systemic injection) can be rapidly covered by
a large variety of biological molecules, particularly proteins.
These molecules, associated with the nanostructure surface,
form the so-called “protein corona” (PC).' PC represents a
phenomenon of pivotal importance for understanding and
predicting the interaction between nanostructures and living
organisms. The PC is usually the first element of a nano-
structure to be in contact with biological entities and cells,
determining the “biological identity” of the nanostructures
themselves. PC can hinder nanostructure properties and alter
their performances: it has been shown that the presence of PC
can reduce the stability in solution, cause aggregation,
increase the nanostructure toxicity, reduce the efficiency of
functional molecules associated with the surface of the par-
ticles, and lead to an undesired interaction with the biological
environment, like an excessive stimulation of the immune

This journal is © The Royal Society of Chemistry 2022
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system.>”” On the other hand, it has also been shown that PC
formation is not always harmful, yet it can be exploited as a
tool to improve nanostructure properties like stability and bio-
compatibility, or even to engineer ad-hoc designed nano-
structure-PC complexes with completely new properties.®™*
PC is usually divided into a “hard corona”, which is character-
ized by molecules in direct contact with or in proximity to the
nanostructure surface, and a “soft corona”, which refers to
molecules not directly attached to the nanostructure surface,
yet to the hard corona, and is usually characterized by weaker
bonds and more loosely organized molecules.'” It has also
been shown that PC is both highly heterogeneous, with
different nanostructures of the same batch presenting
different PCs,"® and highly dynamic, with continuous modifi-
cation and rearrangements affecting both the PC shape and
composition."™** It is therefore of pivotal importance to
analyze and understand the process of PC formation and its
evolution to predict the biological outcome of candidate
nanotherapeutics.

Concerning nanovectors
nervous system (CNS), one of the most relevant biological bar-
riers we have to consider is the blood-brain barrier (BBB), a
continuous membrane enveloping the brain and separating
the blood flow from the brain environment.'®'” The BBB is
mainly composed of brain endothelial cells, astrocyte endfeet,
and pericytes, and is characterized by the presence of tight
junctions connecting brain endothelial cells and limiting the
passive passage of molecules. The selective nature of the BBB
plays a vital role in protecting the brain from potentially
harmful molecules, yet also hinders therapeutic moieties from
reaching the CNS, with more than 98% of small molecule
drugs being unable to reach the brain."®

Nanomaterials, owing to their tunability and the possibility
to be ad hoc functionalized with molecules able to target and
cross the BBB, represent one of the most promising approaches
for the treatment of CNS disorders."””'® Lipid-based nano-
particles, in particular, are one of the main types being investi-
gated as possible therapeutic candidates for CNS treatment. The
last generation of lipid-based nanostructures consists of the so-
called nanostructured lipid carriers, a class of nanomaterials
composed of a matrix of solid lipids containing small droplets
of lipids that are liquid at physiological temperature.'”*° We
previously reported the preparation and investigation of nano-
structured lipid carriers loaded with superparamagnetic iron
oxide nanoparticles (lipid magnetic nanovectors, LMNVs) as a
multitasking vector for the treatment of glioblastoma multi-
forme. In our previous work, we showed how LMNVs could
cross an in vitro model of the BBB based on the culture of brain
endothelial cells on a transwell porous insert.>**!

Here, we aim at investigating for the first time the for-
mation and the evolution of PC on the surface of LMNVs
before and after the crossing of an in vitro model of the BBB.
To the best of our knowledge, just one work in the literature
analyzed the effect of BBB crossing on the composition of PC
of drug delivery systems, particularly gold nanostructures.”>
Here, direct imaging techniques based on the combination of

directed toward the central
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fluorescently labeled proteins with confocal and direct
STochastic Optical Reconstruction Microscopy (dSTORM) and
indirect techniques like dynamic light scattering (DLS)/
Z-potential measurements and proteomic analysis were com-
bined to provide a complete picture about the formation and
the evolution of PC associated with LMNVs. This work pre-
sents, to date, a complete analysis of the PC on the surface of
lipid nanostructures from the first contact with biological
media to the moment when the lipid nanostructures reach
their therapeutic target (in our case, the basolateral chamber
of the BBB in vitro model). In particular, the main points of
our analysis show how PC can greatly vary from particle to par-
ticle even among the same nanostructure batch, and how PC
composition is affected by both the time of exposure to the
protein molecules and the interaction with cell structures.
LMNVs that crossed the in vitro BBB model appeared to have
partially lost the original PC and to have obtained a new PC
derived from the brain endothelial cells. This phenomenon is
worth of attention and investigation, since this BBB-derived
PC could affect the biological outcome of nanostructures and
their interaction with CNS cells.

Results and discussion
LMNV and LMNV-PC characterization

Fig. 1a shows a schematic representation of LMNVs. As shown
in Fig. 1b, scanning electron microscopy (SEM) analysis con-
firmed the spherical morphology of LMNVs; their average
hydrodynamic diameter measured through DLS resulted in
351.4 + 6.1 nm with a polydispersity index (PDI) of 0.226 +*
0.027, while the average Z-potential was —28.9 + 0.4 mV (green
trace in Fig. 1c and d, respectively). The effect of the incu-
bation with FBS for 1 min and 1 h on both the LMNV hydro-
dynamic size and Z-potential was assessed: the incubation at
both time points caused an increment in the average hydro-
dynamic diameter to 520.0 + 12.9 nm (PDI of 0.352 + 0.012,
yellow trace in Fig. 1c) after 1 min of incubation, and to 412.0
+12.8 nm (PDI of 0.288 + 0.015, red trace in Fig. 1c) after 1 h
of incubation. This size increment suggests the association of
protein molecules and the formation of PC around LMNVs.
The Z-potential also increased to —16.1 + 0.4 mV after 1 min of
incubation (yellow trace in Fig. 1d) and to —11.8 + 0.3 mV after
1 h (red trace in Fig. 1d). Overall, the incubation of LMNVs
with FBS caused changes in both the average hydrodynamic
diameter and Z-potential. The increment observed in size
upon incubation with proteins is in line with what has been
reported in the literature for other nanostructures, and can be
explained by the association of proteins with the surface of
LMNVs, resulting in the formation of LMNV-PC complexes that
are indeed larger than the plain particles.*® Similarly, the shift
of Z-potential towards more positive values upon LMNV inter-
action with FBS could be explained by a charge shielding effect
caused by the association of protein molecules with the surface
of LMNVs (it is worth mentioning that this phenomenon has
also been observed in the case of other nanostructures®*>%),

Nanoscale, 2022, 14,13292-13307 | 13293


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr00484d

Open Access Article. Published on 11 August 2022. Downloaded on 9/22/2022 10:51:49 AM.

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

(cc)

Paper
a) DSPE-mPEG
® —
(@
oé@ A Spions
e @ Liquid lipid
Solid lipid
c)
20
18
16
R4
@12
& 10
g 8
g 6
4
2
0
1 10 100 1000
Size (nm)
—LMNVs FBS 1 h LMNVs FBS 1 min  ——LMNVs no FBS
d)
250000
200000 ‘/\\
= 150000
o
(&)

100000

50000

0

-150 -130 -110 -90 ~70 -50 -30 -10 10

Zeta potential (mv)

—LMNVs FBS 1 h LMNVs FBS 1 min  —LMNVs no FBS

Fig. 1 Analysis of LMNV properties. (a) Schematic representation of
LMNVs; (b) representative SEM image of LMNVs; (c) and (d) analysis
showing respectively the hydrodynamic diameter and Z-potential distri-
butions of plain LMNVs (green trace), LMNVs incubated for 1 min with
FBS (yellow trace), and LMNVs incubated for 1 h in FBS (red trace).

The increment in size caused by the association of proteins
on the surface of LMNVs could potentially affect the BBB cross-
ing abilities of the nanostructures, as it has been reported that
nanostructures with a size below 200 nm have a higher
capacity for crossing the BBB.*® It must also be pointed out
how the effects of PC formation could be more complex than a
“simple” increment in LMNV diameter: the PC associated with
LMNVs could be formed by proteins that facilitate the uptake
and transcytosis of the nanostructures across the BBB, such as
transferrin.”” The shift in charge caused by PC association
with LMNVs could also play a role in the interaction of LMNVs
with the BBB, as described previously.”® Altogether, the final
effect of PC on LMNV BBB crossing ability is the combination
of individual effects such as size increment, Z-potential shift,
and association of specific protein characterized by different
molecular interactions with brain endothelial cells.

BBB characterization

The formation of a tight layer of brain endothelial cells in the
in vitro model of the BBB was first assessed through transe-
pithelial/transendothelial electrical resistance (TEER) measure-
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ments to be 30 Q cm?, a value in line with the literature for
models based on bEnd.3 cells.”® Immunostaining was more-
over exploited to assess the expression of zonula occludens-1
(zO-1) protein (involved in the formation of tight junctions).
As shown in Fig. Sla,f after 5 days of growth bEnd.3 cells
expressed ZO-1 protein, in particular in the cell-cell contact
region. The model was further assessed by evaluating the
passage of fluorescent dextran (4 kDa) in the transwell seeded
with bEnd.3 cells. As shown in Fig. S1b,} the presence of brain
endothelial cells significantly reduced the passage of the fluo-
rescent marker at both 1 and 2 h from its the administration
to the apical chamber of the transwell insert. Confocal
imaging was performed on bEnd.3 cells treated for 72 h with
DiO-stained lipid magnetic nanovectors (DiO-LMNVs), and
confirmed the ability of these nanostructures to be interna-
lized by bEnd.3 cells (Fig. Sict).

Confocal analysis of the LMNV-PC complex after blood-brain
barrier crossing

Confocal analysis was exploited to assess the effect of BBB
crossing on LMNV-PC complexes after the passage of the trans-
well insert. The passage of LMNV-PC across the BBB model
caused a statistically significant reduction in the amount of
protein associated with LMNVs both after 24 h and 72 h from
the administration of the particles compared to the passage of
LMNV-PC complexes across empty transwell inserts (Fig. 2a).
In particular, after 24 h the intersection between the LMNV
fluorescence signal area and the protein corona fluorescence
signal area was reduced from 2.06 + 0.10 (plain transwell) to
1.54 + 0.14 (BBB model), and from 2.4 + 0.12 to 1.72 + 0.13
after 72 h (Fig. 2b). After 72 h it was possible to observe
LMNV-PC associated with relatively huge aggregates of PC in
the case of LMNVs passing through control transwells without
cells, but these big PC complexes were completely absent in
the case of LMNV-PC passing through the BBB model transwell
seeded with cells (Fig. 2a). We also determined the combined
area between the LMNV fluorescence signal and the protein
corona fluorescence signal as more representative data of the
soft corona surrounding the nanostructures. Also in this case,
we observed a similar trend with respect to the intersection
areas, observing a reduction from 4.12 + 0.2 to 2.75 + 0.15
(plain transwell vs. the transwell seeded with cells after 24 h
from LMNV administration), and a reduction from 3.6 + 0.15
to 3.09 + 0.14 (plain transwell vs. the transwell seeded with
cells after 72 h from LMNV administration). Confocal
microscopy analysis showed that the crossing of the BBB model
by LMNVs caused a significant reduction in the amount of
associated PC with respect to the situation before BBB crossing.
This result suggests that the brain endothelial cells are indu-
cing/promoting some sort of modification of the PC compo-
sition of LMNVs, and that part of the PC is lost during the
passage of the BBB. The crossing of the BBB seems to drastically
reduce the amount of PC associated with LMNVs: this suggests
that the PC that remains associated with LMNVs after the cross-
ing is probably mainly the hard corona composed of proteins
more tightly attached to the surface of the nanostructures.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Analysis of protein corona evolution after in vitro BBB crossing. (a) Confocal images showing the protein corona derived from the stained
FBS formed on the surface of LMNVs after the passage of control transwell inserts and of transwell inserts seeded with bEnd.3 cells at two different
time points (in green LMNVs, in red the protein corona); (b) analysis of the intersection and union area of LMNVs and PC signals under different con-

ditions (*** p < 0.01).

The effect of FBS incubation time was also evaluated by con-
focal microscopy (representative confocal images are shown in
Fig. S2aft); in particular, we observed a statistically significant
increment of PC associated with LMNVs by comparing 1 min of
incubation with 1 h (with an increment of intersection area from
0.58 + 0.16 to 0.76 + 0.12 and of union area from 1.38 + 0.26 to
2.39 + 0.28; Fig. S2b¥). Control images obtained on LMNVs not
incubated with stained FBS are depicted in Fig. S2ct, and show
a complete absence of red signal (Cy3 channel).

dSTORM analysis of LMNV-PC

dSTORM imaging was carried out to quantify the number of
proteins associated with single LMNVs after the exposure to

This journal is © The Royal Society of Chemistry 2022

three different protein sources (Cy5-stained FBS in Fig. 3, Cy5-
stained transferrin in Fig. 4, and Cy5-stained albumin in
Fig. 5). Fetal bovine serum (FBS) was chosen as a source of
different proteins, albumin was chosen due to its abundance
in biological fluids, and transferrin due to its importance in
transport mechanisms across the BBB. In all three cases, high
heterogeneity in the formation of PC was observed, with few
particles being associated with a large number of protein
molecules and other particles being completely void of PC.
Proteins present in the PC were analyzed in terms of localiz-
ations obtained through dSTORM analysis.

Fig. 3 shows analysis following incubation with Cy5-stained
FBS. After 1 min, we observed 56.4% particles without any

Nanoscale, 2022, 14,13292-13307 | 13295
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Fig. 3 dSTORM analysis of protein corona formation after incubation of
LMNVs with stained FBS. (a) dSTORM images showing the protein
corona formed on the surface of LMNVs at 1 min of incubation, 1 h, and
after the BBB passage (in red the protein corona derived from FBS and in
green LMNVs); (b) pie charts showing LMNVs classified based on associ-
ated protein signal localizations derived from FBS incubation (in blue
LMNVs with no localizations, in orange LMNVs with 1-10 associated
protein localizations, in gray LMNVs with 10-50 associated protein
localizations, and in yellow LMNVs with more than 50 associated protein
localizations); (c) box-plot showing the number of associated protein
localization with LMNVs (in blue data of LMNVs incubated with FBS for
1 min, in orange data of LMNVs incubated with FBS for 1 h, and in red
data of LMNVs after BBB crossing; ***p < 0.001).

protein localization, 37.9% particles with a number of localiz-
ations between 1 and 10, 5.4% particles with a number of
localizations between 10 and 50, and only 0.3% particles with
a number of localizations above 50. After 1 h of incubation
with stained FBS, no statistically significant differences were
observed in terms of PC formation (55.9% particles with no
localization, 36.8% particles with 1-10 localizations, 6.5% par-
ticles with 10-50 localizations, and 0.8% with over 50 localiz-
ations). It is worth mentioning that the number of localization
is not equal to the number of protein molecules associated
with the nanostructures. This is due to the fact that each
protein molecule could be associated with more than one
fluorophore molecule, thus providing multiple localization
events during dSTORM analysis. However, the number of local-
izations showed a statistically significant drop after BBB

13296 | Nanoscale, 2022, 14,13292-13307
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Fig. 4 dSTORM analysis of protein corona formation after incubation of
LMNVs with stained transferrin. (a) dSSTORM images showing the protein
corona formed on the surface of LMNVs at 1 min of incubation, 1 h, and
after BBB passage (in red the protein corona derived from transferrin
and in green LMNVs); (b) pie charts showing LMNVs classified based on
associated protein signal localizations derived from transferrin incu-
bation (in blue LMNVs with no localizations, in orange LMNVs with 1-10
associated protein localizations, in gray LMNVs with 10-50 associated
protein localizations, and in yellow LMNVs with more than 50 associated
protein localizations); (c) box-plot showing the number of associated
protein localization with LMNVs (in blue data of LMNVs incubated with
transferrin for 1 min, in orange data of LMNVs incubated with transferrin
for 1 h, and in red data of LMNVs after BBB crossing; ***p < 0.001).

passage (96.1% particles without any localization, 2.3% with
1-10 localizations, 1.1% with 10-50 localizations, and 0.5%
with over 50 localizations).

In the case of incubation with transferrin (Fig. 4), similar
results were highlighted after 1 min of incubation (65.6% par-
ticles without localizations, 29.4% with 1-10 localizations,
4.5% with 10-50 localization, and 0.5% with more than 50
localizations). However, the number of localizations was sig-
nificantly lower after 1 h of incubation (88.2% particles
without localizations, 8.4% particles with 1-10 localizations,
2.7% particles with 10-50 localizations, and 0.7% particles
with more than 50 localizations), and after BBB crossing
(94.1% particles without localizations, 4.3% particles with
1-10 localizations, 1.1% particles with 10-50 localizations, and
0.4% particles with more than 50 localizations).

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 dSTORM analysis of protein corona formation after incubation of
LMNVs with stained albumin. (a) dSTORM images showing the protein
corona formed on the surface of LMNVs at 1 min of incubation, 1 h, and
after BBB passage (in red the protein corona derived from albumin and
in green LMNVs); (b) pie charts showing LMNVs classified based on
associated protein signal localizations derived from albumin incubation
(in blue LMNVs with no localizations, in orange LMNVs with 1-10 associ-
ated protein localizations, in gray LMNVs with 10-50 associated protein
localizations, and in yellow LMNVs with more than 50 associated protein
localizations); (c) box-plot showing the number of associated protein
localization with LMNVs (in blue data of LMNVs incubated with albumin
for 1 min, in orange data of LMNVs incubated with albumin for 1 h, and
in red data of LMNVs after BBB crossing; ***p < 0.001).

The incubation with albumin (Fig. 5) conversely provided a
different PC formation process; in particular, after 1 min, the
PC was still heterogeneous (54.3% particles without localiz-
ations, 38.8% particles with 1-10 localizations, 6.2% particles
with 10-50 localizations, and 0.6% particles with more than 50
localizations), but the amount of PC associated with LMNVs
significantly increased after 1 h of incubation (21.1% particles
with no localizations, 54.5% particles with 1-10 localizations,
21.6% particles with 10-50 localizations, and 2.7% particles
with more than 50 localizations). Similarly to the previously
analyzed conditions, a significant reduction after BBB crossing
was observed (96.3% particles without PC, 1.7% particles with
1-10 localizations, 0.9% particles with 10-50 localizations, and
1.1% with more than 50 localizations). Overall, the modifi-

This journal is © The Royal Society of Chemistry 2022
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cation on LMNV-associated PC observed by confocal
microscopy was confirmed by dSTORM analysis, which
showed also as different proteins interact differently with
LMNVs, with albumin incubation being the experimental con-
dition that leads to a higher number of molecules associated
with LMNVs.

Incubation time seems to play a role in the evolution of PC
composition with a reduction of transferrin molecules associ-
ated to LMNVs over time and an increment of albumin mole-
cules. This could be explained by competition phenomena
involving the association of stained and unstained protein
molecules with the surface of LMNVs. Time did not show any
significant effect on PC composition in the case of incubation
with stained FBS. The two main results obtained by dSTORM
analysis can be summarized as follows: (i) LMNVs generally
show a low amount of associated PC; (ii) PC associated with
LMNVs is extremely heterogeneous, with a large portion of par-
ticles completely devoid of any PC and some particles instead
associated with a large number of protein molecules.” This
heterogeneity in PC formation has already been observed for
other nanostructures, such as silica nanoparticles.'® The rela-
tively low amount of PC formed on the surface of LMNVs
could be explained by the presence of DSPE-PEG in their com-
position: PEG, in fact, has repeatedly demonstrated to be able
to act as a stealth agent, preventing the formation of PC
around nanostructures.>**® However, it is worth pointing out
that PEG is not entirely able to prevent PC formation, and this
is in line with the formation of PC that we observed around a
small portion of LMNVs.>® Moreover, DSPE-PEG could be
heterogeneously present on the surface of LMNVs, contribut-
ing to the observed heterogeneity in PC distribution. dSTORM
analysis, confirming the confocal microscopy data, showed the
effect of BBB model crossing on LMNV-PC complexes, with an
almost complete loss of PC associated with LMNVs after the
passage of the in vitro BBB model.

Internalization pathways of LMNVs

Internalization pathways and intracellular localization of
LMNVs were assessed by confocal microscopy, particularly for
evaluating the co-localization with lysosomes, clathrin-positive
vesicles, and caveolin-positive vesicles. The confocal
microscopy images and Pearson’s correlation coefficient of
LMNVs for each subcellular compartment are shown in
Fig. S3-S5.1 In particular, we observed a relatively high co-
localization of LMNVs with lysosomes (Pearson’s coefficient
equal to 0.18 + 0.12 at 4 h, 0.55 + 0.04 at 24 h, and 0.53 + 0.11
at 72 h; Fig. S37), and a relatively low internalization in both
clathrin-positive vesicles (Pearson’s coefficient equal to 0.07 +
0.06 at 4 h, 0.08 + 0.02 at 24 h, and 0.12 + 0.02; Fig. S4f) and
caveolin-positive vesicles (Pearson’s coefficient equal to 0.06 +
0.03 at 4 h, 0.05 + 0.02 at 24 h, and 0.08 + 0.03 at 72 h;
Fig. S57).

Through our analysis, we could determine that a relatively
high amount of nanostructures is localized at the lysosomal
level after 72 h. The entrapment of LMNVs inside of lysosomes
could perhaps partially explain the rearrangement of PC

Nanoscale, 2022, 14,13292-13307 | 13297


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr00484d

Open Access Article. Published on 11 August 2022. Downloaded on 9/22/2022 10:51:49 AM.

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

(cc)

Paper

observed after BBB crossing. In particular, the exposure to the
acidic pH of lysosomes could cause a degradation of the PC
associated with LMNVs. However, this process supposes the
ability of LMNV-PC complexes to actively escape the lysosomal
compartment and to reach the basolateral side of the BBB
model. The increment in the lysosomal localization of LMNVs
from 24 to 72 h conversely suggests that the nanostructures
entrapped inside lysosomes are not able to escape. Usually,
lysosome escape has been observed in the early phase of
internalization, where nanostructures are able to escape early
endosomes:*® we can thus hypothesize that the LMNVs associ-
ated with PC that we analyzed after BBB crossing were nano-
structures not entrapped inside lysosomes, and that therefore
did not undergo the degradative processes typically occurring
in the lysosomal compartments.

Proteomic analysis of LMNV-PC before and after BBB crossing

Proteomic analysis was performed to identify the protein
associated with LMNVs after the exposure to FBS and after the
passage of the BBB in vitro model. The complete lists of pro-
teins identified are listed in Tables S1-S7.7 Proteins were
classified as derived from FBS or from the brain endothelial
cells of the BBB model basing on the animal species of origin
(Bos Taurus for FBS and Mus musculus for bEnd.3 cells). Mass
spectroscopy (MS) analysis shows that only 110 identified pro-
teins were present both in the PC of LMNVs not exposed to the
BBB environment and in the PC of LMNVs after BBB crossing.
The PC of LMNVs exposed to only FBS was composed of 261
proteins that were not present in the case of the PC formed on
the surface of LMNVs after BBB crossing. These proteins were
lost during BBB in vitro model crossing and replaced with
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other 419 proteins. The proteins associated with LMNVs after
BBB passage were derived for 95% from the bEnd.3 cells and
for 5% from the cell culture medium.

In a further test, LMNVs were administered only to the
basolateral side of the transwell inserts seeded with bEnd.3
cells. This experimental condition aimed to discriminate
between proteins that associate with LMNVs during BBB
passage and proteins that are instead derived from an inter-
action between LMNVs and the bEnd.3 secretome. In this
case, we identified 427 proteins associated with LMNVs, 272
derived from bEnd.3 cells and 155 derived from FBS. 186 of
these proteins were exclusively present under this experimental
condition, that is in the case of LMNVs exposed to the secre-
tome of bEnd.3 cells (among these, 30 were derived from FBS
and 156 from bEnd.3 cells; Table S47). 115 of these proteins
were identified both in the case of LMNVs that crossed the
BBB and in the case of LMNVs that were exposed to the
bEnd.3 secretome (all derived from bEnd.3 cells; Table S57).
55 of these proteins were identified as associated with the
nanostructures in the case of LMNVs exposed to just FBS and
in the case of LMNVs exposed to the bEnd.3 secretome, but
not in the case of LMNVs that crossed the BBB (all derived
from FBS; Table S67). Lastly, 70 of these proteins were present
in the LMNV-PC of all experimental conditions (Table S77).

Proteins present in the PC associated with LMNVs both
after FBS exposure and after BBB crossing were derived from
intracellular organelles (53.33%), from extracellular space
(13.33%), from extracellular vesicles (10.00%), from high-
density lipoprotein particles (10.00%), from secretory granules
(6.67%), from the intrinsic component of the cellular mem-
brane (3.33%), and from lysosomes (3.33%) (Table 1, indicated

Table 1 Percentages showing the biological compartment where proteins associated with LMNVs are derived from, before and after BBB crossing

(*p < 0.05, **p < 0.01)

Proteins conserved after
BBB crossing

Proteins lost after BBB
crossing

Proteins acquired after BBB crossing
and derived from bEnd.3 cells

Proteins acquired after BBB crossing and
derived from cell culture medium

Intracellular organelle part
53.33%**

Extracellular space 13.33%
**

Extracellular vesicle
10.00%**

High-density lipoprotein
particles 10.00%**
Secretory granule 6.67%*
Intrinsic component of the
membrane 3.33%
Lysosome 3.33%

Cell surface 59.68%**

Extracellular space 14.52%

**

Extracellular vesicle 6.45%
**

Integral component of the
membrane 4.84%**
Nucleoplasm 4.84%
Secretory granule 3.23%

Focal adhesion 3.23%*
Membrane raft 1.61%
Endoplasmic reticulum
lumen 1.61%

13298 | Nanoscale, 2022, 14,13292-13307

Mitochondrion 73.64%**
Melanosome 8.18%**
Focal adhesion 7.27%**
Sarcomere 0.91%

Endosome membrane 0.91%
Cell cortex 0.91%

Caveola 0.91%

Lysosomal membrane 0.91%
Mitochondrial intermembrane space
0.91%

Mitochondrial outer membrane 0.91%
Supramolecular fiber 0.91%
Organelle outer membrane 0.91%
Extracellular matrix 0.91%

Secretory granule membrane 0.91%
Integral component of the
endoplasmic reticulum membrane
0.91%

Endomembrane system 33.33%
Intracellular organelle 25.00%
Blood microparticles 16.67%**
Extracellular exosome 8.33%

Cytoskeletal part 8.33%
Vesicle 8.33%

This journal is © The Royal Society of Chemistry 2022
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as “proteins conserved after BBB crossing”). Gene ontology
(GO) enrichment analysis performed on protein shared in
both groups showed statistically significant enrichment in
several terms, including negative regulation of response to the
external stimulus, protein activation cascade, cellular macro-
molecule metabolic process, defense response, regulation of
lipid localization, carboxylic acid metabolic process, cofactor
metabolic process, wound healing, and coenzyme metabolic
process (Fig. 6a).

a) PLG

negative regulation of

wound healing
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After exposure to FBS, LMNVs were associated with proteins
that were lost after BBB passage (being absent in the PC associ-
ated with LMNVs after BBB crossing). These proteins were
derived in part from the cell surface (59.68%), from extracellu-
lar space (14.52%), from extracellular vesicles (6.45%), and in
small percentages from other cellular components (as listed in
Table 1 in the column “proteins lost after BBB crossing”). GO
analysis showed a significant enrichment in functional terms
such as regulation of peptidase activity, negative regulation of

TGB3 response to external
stimulus protein activation
KNG cascade
IGFBP3 FGB
Cc3
APOD, KLKB1 c1s
CFD
SERPINA3-8 THAPS c1aB
APOC4
‘ wolecule s CFH
olic

SERPINA11 SAAG oCarnpx

IIE |

GAPDH
VNN 2
i regulation of lipid
X APOC3 | lizati
cofactor metabolic ocalization
process COeNZYME etabollg [o]¢ = 8
BLVRB o carboxylic acid PLTP
GeTHa metabolic process PTGR1

GGH

€pdop gptidase

PCOLCE

regulation of peptidase

activity

FABPT  SERPINAG
: : SERPINC1

negative regulation of seppig KNG1

cellular protein SEREING-7
: CsT3
metabolic process USP14
SERPINA3-1 Tes
negative regulation of
SERPINA11 ¢
protein
PI16

phosphorylation o

IGFBP5
HSPB1

PBLD

ENPP1

CALR

purine ribonucleoside
monophosphate
metabolic process

yegnlation of

activity

GARDH

ENO1
GPI

HPRT1
GPDl._pGAM1
ITPA \ pufirfe ribonucleoside
PARKZ nucleoside iiphosphate metabolic
triphosphate metabolic PEGEESS
process CAP1
PKM

BASP1
FBP1
regulation of nucleic
acid-templated
transcription

purine ribonucleotide
metabolic process

CHAD = GLO1
SMPD1 negative regulation of g~ IHH
DAG1 phosphorylation
negative regulation of Ll w.
g i g He GTF2E2 transcription,
peptidase activity WARS 51008

regulation of RNA
metabolic process

O DNA-templated

Fig. 6 GO enrichment for biological function derived from proteomic analysis of proteins present in the PC associated with LMNVs and derived
from FBS. (a) GO enrichment for the biological function of proteins associated with LMNVs both after FBS exposure and after BBB crossing. (b) GO
enrichment for the biological function of proteins associated with LMNVs after FBS exposure but lost after BBB crossing. Nodes with the label in
grey contain a smaller number of associated proteins, while nodes labeled in black contain a larger number of proteins.
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phosphorylation, regulation of the RNA metabolic process, the
purine nucleotide metabolic process, negative regulation of
the cellular protein metabolic process, and transcription
(Fig. 6b).

The relative abundance of protein present in the PC of
LMNVs both after FBS exposure and BBB crossing was also
analyzed and compared (results showed as a heatmap in
Fig. 7): 21 proteins were present in low quantities in both
groups (cluster 71, 32, and 144), 21 proteins were present in
relatively high quantities in both groups (clusters 89, 142, 10,
139), and 68 proteins were present in different quantities
between the two groups (cluster 143).

LMNVs that crossed the BBB in vitro model developed a par-
tially new PC composed of protein originating from the bEnd.3
cells and derived from mitochondria (73.64%), from melano-
somes (8.18%), from focal adhesion (7.27%), and in small per-
centage from other cellular compartments (as listed in Table 1

|
J
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in the column “proteins acquired after BBB crossing and
derived from bEnd.3 cells”). GO analysis performed on these
proteins showed functional enrichments in several functional
terms including protein transport, the fatty acid metabolic
process, the nucleotide metabolic process, transcription by
RNA polymerase 11, blood vessel morphogenesis, regulation of
angiogenesis, and vasculature development (Fig. 8a).

A small amount of the proteins present exclusively in the
PC associated with LMNVs after BBB crossing was also derived
from the cell culture medium; in particular, these proteins
were derived from the endomembrane system (33.33%), from
intracellular organelles (25.00%), from blood microparticles
(16.67%), from extracellular exosomes (8.33%), from cyto-
skeletal parts (8.33%), and from vesicles (8.33%), as listed in
Table 1 in the column “proteins acquired after BBB crossing
and derived from cell culture medium”. GO enrichment per-
formed on the cell culture medium-derived protein present in
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Fig. 7 Heatmap showing the relative abundance of proteins associated with LMNVs exposed to just FBS and with LMNVs after BBB crossing. In blue
proteins present in low quantities and in red proteins present in high quantities in the PC associated with LMNVs.
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the PC associated with LMNVs formed after BBB crossing
showed enrichment in functional terms such as the hydrogen
peroxide metabolic process, removal of superoxide radicals,
response to wounding, and negative regulation of catalytic
activity (Fig. 8b).

The complete list of proteins identified with their reference
cluster is shown in supplementary materials in Tables S1-S3.7
Proteomics provided relevant insights about the observed PC
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evolution phenomenon; in particular, it confirmed that
LMNVs after BBB crossing partially lose the proteins forming
their initial PC, and they develop a newly formed PC partially
derived from both proteins present in the brain endothelial
cells and in FBS. All these observations provide evidence on
the dynamic state of the protein corona which has been
already discussed previously.”” The original PC associated with
LMNVs presents proteins involved in key biological functions
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Fig. 8 GO enrichment for biological function derived from proteomic analysis of proteins present in the PC associated with LMNVs after BBB cross-
ing. (a) GO enrichment for the biological function of proteins associated with LMNVs after BBB crossing derived from bEnd.3 cells. (b) GO enrich-
ment for the biological function of proteins associated with LMNVs after BBB crossing derived from cell culture medium. Nodes with the label in
grey contain a lower number of associated proteins, while nodes with the label in black contain a larger number of proteins.
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(in particular metabolic processes involving nucleotides) that
are only partially preserved after the BBB passage. The PC
associated with LMNVs after BBB crossing is mainly consti-
tuted by proteins involved in metabolic processes and in trans-
port systems. The presence of proteins involved in the trans-
port mechanism (such as caveolin-2) in the LMNVs that under-
went BBB crossing suggests that the nanostructures are actively
transported across the BBB model, and the proteins involved
in this transport are partially retained in the PC. It is worth
mentioning that the PC associated with LMNVs after BBB
crossing could be the result of protein interchange phenom-
ena during transcytosis due to the dynamic nature of PC.
However, the “final” composition of PC associated with
LMNVs after BBB crossing could also be made of proteins that
interacted with LMNVs after crossing the brain endothelial cell
layer. As demonstrated by our control experiment, where
LMNVs were exposed to the bEnd.3 conditioned medium
(LMNVs administered to the basolateral side of the BBB
in vitro model), LMNVs showed a PC composed of proteins
derived from both bEnd.3 cells and FBS. In particular, the PC
derived from conditioned medium was partially overlapped
with the PC associated with particles that crossed the BBB and
with the PC associated with LMNVs exposed to just FBS.
Therefore, the PC associated with LMNVs after BBB crossing is
suggested to be derived from a combination of phenomena: (i)
a rearrangement caused by the BBB crossing itself, where pre-
viously adsorbed proteins are lost and substituted with new
proteins derived from brain endothelial cells; (ii) the inter-
action with BBB-derived proteins triggered by bEnd.3 cells and
present on the basolateral side of the transwell insert.

Intriguingly, the major part of BBB-derived protein present
in the PC associated with LMNVs after BBB crossing is of mito-
chondrial origin: this phenomenon could also be explained by
a process of “corona interactome” as previously reported for
other nanostructures.’’ In particular, LMNVs exposed to a
protein source develop a first layer of PC composed of protein
molecules directly interacting with the surface of the particles;
when exposed to other protein sources (e.g., brain endothelial
cells during BBB crossing), other protein molecules may
indirectly associate with LMNVs by interacting with the protein
already present on the surface of LMNV-PC complexes.

Our analysis demonstrates how the study of PC evolution
after LMNV BBB crossing represents a pivotal point to fully
understand the interaction between nanostructures and CNS
cells. In particular, as previously discussed, PC is commonly
the first “layer” of the nanomaterial to come in contact with
biological structures, dictating the biological identity and the
ultimate interaction of the nanostructures with cells. In our
analysis, we highlighted how LMNVs that reached the basolat-
eral side of a BBB in vitro model were associated with protein
derived from brain endothelial cells. Moreover, the newly
developed BBB-derived PC was characterized by proteins
involved in several biological functions as highlighted by the
GO enrichment analysis. The BBB-derived PC could potentially
lead to an unexpected interaction between nanostructures and
CNS cells in terms of internalization rates, uptake pathways,
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intracellular localization, biocompatibility, and efficiency as
drug carriers. For example, the GO analysis (Fig. 8) highlighted
an enrichment in proteins involved in fatty acid and lipid
metabolism in the PC of LMNVs after BBB crossing. These
newly associated proteins could potentially lead to effects in
terms of overall lipid metabolism in CNS cells exposed to
LMNVs. In view of this, it is clear how a complete characteriz-
ation of the PC phenomenon, including its potential evolution
due to the exposure of the nanomaterials to different biologi-
cal environments, should become a standard to predict and
characterize the interaction between nanomaterials and bio-
logical structures.

Conclusion

Overall, this work provides new insights into the phenomenon
of PC formation associated with lipid nanostructures. In par-
ticular, LMNVs exposed to biological media are rapidly covered
by protein molecules in a highly heterogeneous way, and the
PC associated with LMNVs undergoes a series of rearrange-
ments and modifications, both in terms of morphology and
composition. The LMNVs that could cross an in vitro BBB
model resulted in being covered by various proteins that are
just partially originated by their first exposure to biological
media, and that are largely derived from the subsequent
internalization and transcytosis through brain endothelial
cells. Eventually, the final PC associated with LMNVs is the
first component that will come into contact with CNS cells,
dictating the nanoparticle biological outcome: it is therefore of
pivotal importance for the potential exploitation of LMNVs
and of other lipid nanostructures in clinical practice to deeply
investigate the phenomena of PC formation and evolution in
complex in vitro and in vivo systems before nanovectors reach
their therapeutic target.

Materials and methods
LMNV preparation

The protocol for the fabrication of lipid magnetic nanovectors
(LMNVs) was adapted from previous works of our group com-
bining hot ultra-sonication and high-pressure homogenization
(HPH) methods.*® Briefly, we mixed different lipids including
2.5 mg of oleic acid (Sigma-Aldrich), 25 mg of 1-stearoyl-rac-
glycerol (Sigma-Aldrich), 2.5 mg of oleic acid (Sigma-Aldrich),
2.5 mg of 1,2-dipalmitoyl-rac-glycero-3-phosphocholine (Sigma-
Aldrich), and 4 mg of 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine with conjugated methoxyl poly(ethylene glycol)
(mPEG-DSPE) (5000 Da, Nanocs) with 84.5 pl of an ethanol
solution of superparamagnetic iron oxide nanoparticles
(SPIONS) (3 nm diameter, 15 wt%; US Research Nanomaterials
Inc.) into a 6 ml glass vial. 3 ml of pre-warmed (70 °C) Tween®
80 (Sigma-Aldrich) solution (1.0 wt%) were added to the lipid/
SPION dispersion and sonicated using an ultrasonic tip
(Fisherbrand™ Q125 Sonicator) for 15 min (amplitude 30%,

This journal is © The Royal Society of Chemistry 2022
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120 W). After the sonication, the mixture underwent high-
pressure homogenization with a homogenizer at 100 000 psi (5
passages of high-pressure homogenization were performed).
The nanovectors were purified by centrifugation at 16 000g for
90 min at 4 °C (three passages) and then re-dispersed in water.
For confocal imaging, LMNVs were labeled with the fluo-
rescent Vybrant DiO cell-labeling dye (Invitrogen) by incubat-
ing 5 mg of nanovectors with 20 pM of DiO for 2 h at 37 °C
and then washing them by centrifugation at 16 000g for
90 min at 4 °C (three passages). For Direct STochastic Optical
Reconstruction Microscopy (dSTORM) analysis, the staining
was obtained by mixing 3 mg of mPEG-DSPE (5000 Da,
Nanocs) with 1 mg of DSPE-PEG-Cy3 (5000 Da) during the
preparation procedure.

Dynamic light scattering measurements

DLS (Malvern-Zetasizer Nano ZS90) was used to measure the
average hydrodynamic diameter and the Z-potential of LMNVs
and LMNVs associated with the protein corona (LMNV-PC).
Briefly, 100 pg ml™" of LMNVs were used to measure the
average hydrodynamic diameter of the nanostructures using
polystyrene cuvettes (Malvern Zetasizer Nano series), and to
measure the Z-potential using disposable folded capillary cells
(Malvern Zetasizer Nano series). To assess how PC affects the
average hydrodynamic diameter and the Z-potential of the
nanostructures, 100 pg ml™" of LMNVs were dispersed in full
serum for 1 min or 1 h and then washed three times by cen-
trifugation at 16 000g for 5 min at RT (three passages). At the
end of the washing steps, LMNV-PC complexes were re-sus-
pended in Milli-Q water and the average hydrodynamic dia-
meter and Z-potential were measured as previously described.

Electron microscopy

The LMNV morphology was assessed using scanning electron
microscopy (SEM). Briefly, 5 pl of a suspension of 10 ug ml™*
of LMNVs were drop-cast on a small piece of a silicon wafer
and left to dry. After the drop dried, the sample was gold-sput-
tered using a Quorum Tech Q150RES Gold Sputter Coater at
30 mA for 60 s and imaged using an SEM system, Helios
NanoLab 600i FIB/SEM, FEI.

Cell culturing and the BBB in vitro model

To simulate the crossing of the BBB, an in vitro model based
on a transwell insert was exploited. Mouse-derived brain endo-
thelial cells (bEnd.3, ATCC CRL-2299) were cultured in high-
glucose Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-
Aldrich) supplemented with 10% of heat-inactivated Fetal
bovine serum (FBS), 2 mM r-glutamine, 1 mM sodium pyru-
vate, 100 TU ml™" of penicillin, and 100 pg ml™" of streptomy-
cin (all from Gibco). For the characterization of the BBB
model, confocal imaging, and dSTORM analysis, bEnd.3 cells
were seeded at a density of 100 000 cells per cm? on transpar-
ent poly(ethylene terephthalate) membranes inserted in
24-well plates (inserts provided by Falcon, pores size 3 pm).
For proteomic analysis, bigger inserts (a 6-well size transwell
insert with 3 pm pore size; Falcon) were used. Cells were
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grown for 5 days, and then the model was characterized in
terms of electrical properties and permeability to dextran
passage. Bioelectrical properties of the BBB model were
assessed by measuring the transepithelial/transendothelial
electrical resistance (TEER) with a Millipore Millicell ERS-2
Volt-Ohmmeter, while the BBB integrity was assessed by
measuring the passage of fluorescein-5-isothiocyanate (FITC)-
dextran (4 kDa; Sigma) at different time points (1 and 2 h).
Briefly, fresh medium (500 pl) was added in the abluminal
compartments and 300 pl of 500 pg ml~" FITC-dextran solution
were added in the apical compartments (solutions were pre-
pared in phenol red-free complete medium). Membranes
without cells were considered as a control. Analyses were con-
ducted by measuring the fluorescence (excitation 485 nm,
emission 535 nm) of the medium recovered in the abluminal
compartment at 1 and 2 h with a Victor X3 Plate Reader
(PerkinElmer). To assess the formation of tight junctions, a
protocol of immunostaining against ZO-1 protein was carried
out as described in the previous publications from our
group.®? Briefly, bEnd.3 after 5 days of culture were fixed with
4% paraformaldehyde (PFA) for 20 min at 4 °C and permeabi-
lized with Triton 0.1% X-100 for 15 min; afterward, cultures
were blocked with 10% of goat serum (GS) for 1 h and incu-
bated with the primary antibody anti-ZO-1 (2.5 pg ml™%;
Abcam) for 3 h at room temperature. Cells were washed three
times in Dulbecco’s phosphate-buffered saline (DPBS) and
incubated with goat serum 10% supplemented with 10 pg
ml™" of F(ab')2-goat-anti-Rabbit IgG (H + L) Alexa Fluor 488
conjugate (Invitrogen), 2.5 pug ml™" of tetramethylrhodamine
(TRITC) phalloidin (Sigma), and 5 pg ml™" of Hoechst
(Invitrogen) at 37 °C for 45 min. After three DPBS rinsing
steps, images were acquired by confocal microscopy (C2s,
Nikon) using a 60x oil immersion objective.

To assess the ability of bEnd.3 cells to internalize LMNVs,
DiO-stained nanostructures were administered to bEnd.3 cells
grown for 5 days as previously described at 100 pug ml™" for
72 h. After 72 h, the cells were washed in DPBS, fixed in PFA at
4% in DPBS at 4 °C, and washed twice in DPBS. After the fix-
ation procedure, the cells were incubated for 40 min in GS
10% in DPBS at RT, and then stained for 1 h with a solution of
GS 10% in DPBS supplemented with 2.5 pg ml™" of TRITC-
phalloidin (Sigma) and 5 pg ml™" of Hoechst (Invitrogen).
After the staining, the cells were washed twice in DPBS and
imaged with a confocal microscope (C2s, Nikon) using a 60x
oil immersion objective.

Protein staining for protein corona analysis

To image the association of protein to the surface of LMNVs
and the subsequent formation of PC, FBS, transferrin, and
albumin were stained with a fluorescent marker (Cy5). In par-
ticular, for dSTORM analysis and confocal analysis of intra-
cellular localization of LMNV-PC, full serum, 3 mg ml™" of
transferrin, and 10 mg ml™" of albumin were dispersed in
sodium bicarbonate (pH 8.5, Sigma-Aldrich) with the addition
of 2 eq. of Cy5-NHS (Lumiprobe). The reaction was then put
under agitation for 4 h at RT and then dialyzed using a Pur-
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A-Lyzer™ Midi 3500 (Sigma Aldrich, cut-off 3.5 kDa) against
MilliQ water. For confocal analysis of LMNV-PC after BBB
crossing, full FBS was stained using the same procedure but
exploiting 2 eq. of Cy3-NHS (Lumiprobe).

Confocal imaging of LMNV-PC after BBB crossing

Confocal imaging was carried out to assess the effect of BBB
crossing on the composition of PC associated with LMNVs.
DiO-stained LMNVs (400 pg ml™") were incubated for 1 h with
90% FBS and 10% Cy3-stained FBS under agitation at 37 °C.
After the incubation, LMNV-PC complexes were purified
through centrifugation (16 000g for 5 min at RT) and re-sus-
pended in cell medium at 100 pg ml™". Cell culture medium
containing LMNV-PC complexes was then added to both a
24-well plate transwell insert without cells and to a transwell
insert seeded with bEnd.3 cells grown for 5 days as previously
described; the transwell inserts were then placed inside a p-
Plate 24-Well Black (Ibidi®). LMNV-PC complexes present in
the basolateral compartment were imaged at 24 and 72 h of
incubation by confocal microscopy (C2s, Nikon) using a 60x
oil immersion objective. To assess the effects of incubation
time on PC formation, DiO-stained LMNVs (8 mg ml~") were
incubated for either 1 min or 1 h with 90% FBS and 10% Cy3-
stained FBS under agitation. After incubation, LMNV-PC com-
plexes were purified through centrifugation (16 000g for 5 min
at RT) and re-suspended in PBS at 100 pg ml™" in a p-
Plate 24-well Black (Ibidi®). DiO-stained LMNVs were also
incubated with unstained FBS for 1 h, as a control. Control
LMNVs and LMNVs incubated with stained FBS for either
1 min or 1 h were imaged with a confocal microscope (C2s,
Nikon) using a 60x oil immersion objective. The signal
threshold was used to select LMNV and PC region of interests
(ROIs), and PC ROIs were filtered through the fluorescence
intensity to select only ROIs associated with LMNVs. Both the
intersection and the union (combined) areas of LMNV and PC
ROIs were measured and used to compare the abundance of
PC associated with LMNVs under the different conditions.

Intracellular localization of LMNVs

To assess the intracellular localization of LMNV-PC complexes
in bEnd.3 cells, DiO-stained LMNVs were incubated for 1 h
with 90% unstained FBS and 10% Cy5-stained FBS at 37 °C
under agitation. After the incubation, LMNV-PC were recovered
through centrifugation as previously described, re-suspended
in phenol red-free medium at 100 pg ml™, and administered
to bEnd.3 cells previously seeded and grown for 5 days in p-
Plate 24-Well Black (Ibidi®). For the analysis of intracellular
localization into lysosomes, cells treated for 4, 24, and 72 h
were rinsed with DPBS and incubated with phenol red-free
medium containing 5 pg ml™' of Hoechst (Invitrogen) and
1 pM LysoTracker Red (Thermo Fisher) for lysosome staining.
After the incubation, the cells were washed twice with DPBS,
incubated in phenol red-free medium complemented with
HEPES, and imaged using a confocal microscope (C2s system,
Nikon) with a 60x oil immersion objective. The intracellular
localization was analyzed through the NIS elements software
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by measuring Pearson’s correlation coefficient between the
LMNV-PC signal and the lysosome signal.

To assess the localization of LMNV-PC inside caveolae or
clathrin-positive vesicles, bEnd.3 cells treated for 4, 24, and
72 h with LMNV-PC were washed twice in DPBS and then fixed
using 4% PFA for 20 min at 4 °C. After fixation, the cells were
incubated for 40 min with a blocking solution of 10% GS in
DPBS, and thereafter with a solution of 10% GS in DPBS sup-
plemented with either 6.7 pg ml™" of anti-caveolin-1 primary
antibody (Abcam) or 6.7 pg ml™" of clathrin primary antibody
(Abcam) for 3 h at RT. After the incubation with the primary
antibody, the cells were washed three times with a solution of
10% GS in DPBS and stained for 1 h with a DPBS solution con-
taining 5 pg ml™" of Hoechst (Invitrogen) and 10 pg ml™" of
either TRITC-labeled goat anti-rabbit or goat anti-mouse IgG
(H + L) secondary antibody (Invitrogen). After the staining, the
cells were washed three times in DPBS and imaged using a
confocal microscope (C2s system, Nikon) with a 60x oil immer-
sion objective. The intracellular localization was again ana-
lyzed through the NIS elements software by measuring
Pearson’s correlation coefficient between the LMNV signal and
the caveolin-1/clathrin signal.

dSTORM imaging

For dSTORM imaging, 400 pg ml~" of Cy3-labeled LMNVs were
incubated with three different solutions of FBS containing
respectively 1% of Cy5-stained FBS, 1% of Cy5-stained
albumin, and 1% of Cy5-stained transferrin for either 1 min or
1 h at 37 °C under agitation. Thereafter, particles were recov-
ered through centrifugation, washed twice in PBS, and re-sus-
pended in a dSTORM buffer composed of an oxygen scaven-
ging system (0.5 mg ml™" glucose oxidase, 40 ug ml™" catalase),
glucose (5% w/v), and cysteamine (100 mM). To perform
imaging of LMNV-PC, nanostructures were immobilized on a
flow chamber composed of a glass slide and a coverslip bound
together through a double-face adhesive tape (24 mm x 24 mm
with 0.15 mm depth).

For assessing the effect of BBB crossing on PC, LMNV-PC
complexes obtained by 1 h of incubation with various stained
proteins as previously mentioned were administered at
100 pg ml™" to the transwell insert seeded with bEnd.3 cells at
150 000 cells per cm® and grown for 5 days. After 72 h of incu-
bation, LMNV-PC complexes were recovered from the basolat-
eral chamber of the transwell inserts through centrifugation
and re-suspended in dSTORM buffer. Once again, particles
recovered after BBB crossing were immobilized on a glass
chamber prepared as previously described. dSTORM images
were acquired using a Nikon N-dSTORM system configured for
total internal reflection fluorescence imaging with a 100x oil
immersion objective. Cy3-labeled LMNVs were imaged using a
561 nm laser (80 mW) and Cy5-labeled PC was imaged using a
647 nm laser (140 mW) without the use of UV activation.
10000 frames were acquired for both channels, and the
obtained dSTORM images were analyzed using the NIS
element Nikon software. Analysis of dSTORM images was
carried out by generating a localization list using a Gaussian

This journal is © The Royal Society of Chemistry 2022
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fit of blinking dyes in the acquired time-lapse of the
microscopy images. The first 100 frames of each acquisition
were discharged from the processing to avoid interference due
to the initial activation of labeled molecules. The localization
list was filtered by applying a density filter of 20 localizations
in a radius of 100 nm on the 561 nm channel. The list of fil-
tered localization was further analyzed using a MATLAB script
described by Feiner et al.*® to determine the number of localiz-
ations for each particle.

Sample preparation for proteomics analysis

LMNVs were pre-incubated with FBS as previously described to
form LMNV-PC, and then recovered through centrifugation.
6-well transwell inserts (3 pm pore size) seeded with
bEnd.3 grown for 5 days and cultured as previously mentioned
were treated with 400 pg ml™' of LMNV-PC, while wells
without cells containing only medium doped with LMNV-PC
were used as a control. To assess the presence of proteins
derived from the bEnd.3 secretome and not due to the direct
crossing of the BBB, a third group of 6-well transwell inserts
was seeded with bEnd.3 cells grown for 5 days, but in this case
LMNV-PC were administered at 400 pg ml~" just on the baso-
lateral side of the inserts. After 72 h from the addition of
LMNV-PC, the nanostructures present on the basolateral side
were isolated using centrifugation (16 000g for 5 minutes at
RT, three times in PBS). After the last centrifugation passage,
the obtained supernatant was discharged, and the LMNV-PC
pellet was frozen at —80 °C. After thawing, the samples were
solubilized in 30 pl of 2% sodium deoxycholate (SDC), 40 mM
chloroacetamide, 10 mM tris(2-carboxyethyl)phosphine
(TCEP), and 100 mM Tris HCI pH 8 at 95 °C for 10 min and
sonicated with an Ultrasonic Processor UP200St (Hielscher), 3
cycles of 30 s. Lysate samples were digested with trypsin and
LysC, at a 1:50 and 1:100 ratio of enzyme to sample protein,
respectively, overnight at 37 °C. Then nanoparticles were separ-
ated from the samples using a DynaMag-2 magnetic particle
concentrator (Invitrogen) and treated with 30 pl of 5% NH,OH.
The supernatant separated from the nanoparticles was concen-
trated and joined with the rest of the sample and processed by
the iST protocol.?

NanoLC and the mass spectrometer setup

The resulting peptides were analyzed wusing a nano-
UHPLC-MS/MS system with an Ultimate 3000 RSLC coupled to
an Orbitrap Fusion Tribrid mass spectrometer (Thermo
Scientific Instrument). Elution was performed with an EASY
spray column (75 pm x 50 cm, 2 pm particle size, Thermo
Scientific) maintained at 55 °C at a flow rate of 250 nl min™"
with a 140 min non-linear gradient of 7-45% solution B (80%
acetonitrile, 20% H,0, 5% DMSO and 0.1% formic acid).
Orbitrap detection was used for MS1 measurements at a resol-
ving power of 120 K in the range between 375 and 1500 m/z
and with a standard AGC target. MS/MS spectra were acquired
in the linear ion trap (rapid scan mode) after higher-energy
C-trap dissociation (HCD) at a collision energy of 28% with a
standard AGC target and a maximum injection time of 50 ms.

This journal is © The Royal Society of Chemistry 2022
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Quadrupole isolation with a 1.6 m/z isolation window was
used, and dynamic exclusion was enabled for 30 s.

Proteomics data analysis

MaxQuant software,** version 1.6.8.0, was used to process the
raw data. The false discovery rate (FDR) for the identification
of proteins, peptides, and PSM (peptide-spectrum match) was
set to 0.01. A minimum length of 6 amino acids was required
for peptide identification. Andromeda engine, incorporated
into MaxQuant software, was used to search MS/MS spectra
against Uniprot Mouse and Bos taurus database (release
Mouse_UP000000589 and Bos taurus_UP000009136 June
2019). In the processing, the variable modifications were
Acetyl (Protein N-term), Oxidation (M), and Deamidation (NQ).
Carbamidomethyl (C) was selected as a fixed modification.
Algorithm MaxLFQ was chosen for the protein quantification
with the activated option “match between runs” to reduce the
number of the missing proteins. The intensity values were
extracted and statistically evaluated using the ProteinGroup
Table and Perseus software®® version 1.6.10.43. Gene ontology
(GO) enrichment analysis was performed with the app ClueGO
of Cytoscape software.>®

Statistical analysis

The normal distribution of data was assessed through the
Shapiro-Wilk normality test. Normally distributed data were
compared using the ANOVA test followed by the LSD post-hoc
test with Bonferroni’s correction, and expressed as mean =+
standard deviation. Data non-normally distributed were com-
pared using the Kruskal-Wallis test followed by a pairwise-
Wilcox post-hoc test with Holm correction, and expressed in a
box plot as median + 95% confidence interval. Mass spec-
trometry proteomics data have been deposited in the
ProteomeXchange Consortium via the PRIDE®” partner reposi-
tory, with the dataset identifier PXD031034
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