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New technologies with the capacity to tune immune system activity are highly desired in clinical practice
and disease management. Here we demonstrate that nanoparticles with a protein corona enriched with
gelsolin (GSN), an abundant plasma protein that acts as a modulator of immune responses, are avidly cap-
tured by human monocytic THP-1 cells in vitro and by leukocyte subpopulations derived from healthy
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donors ex vivo. In human monocytes, GSN modulates the production of tumor necrosis factor alpha
(TNF-a) in an inverse dose-dependent manner. Overall, our results suggest that artificial coronas can be
exploited to finely tune the immune response, opening new approaches for the prevention and treatment

rsc.li/nanoscale of diseases.

To date, clinical applications of conventional nano-delivery
systems such as nanoparticles (NPs) are generally associated
with several drawbacks, including the off-target release of their
payload’ and rapid NP clearance from the systemic circula-
tion.” Indeed, once injected into the bloodstream, NPs are
usually recognized as potential pathogens, as “nonself” anti-
gens, triggering processes that protect the host organism
against foreign agents.® Molecular recognition and direct inter-
actions between NPs and immune cells strongly depend on the
NPs’ physicochemical features (e.g., size,* shape,” and electric
charge®’) and especially their surface properties.®*° Thus, the
biomolecular/protein corona (PC), ie., an evolving layer
formed at the surface of NPs upon contact with biological
fluids and composed of biomolecules (mostly proteins), is the
main interface that mediates NP-immune system
interactions.">"?

Although there is not yet general consensus regarding
differential immune stimuli dependence on the PC, recent evi-
dence suggests that the PC can either stimulate® or elude'*"*
the immune system, acting on innate immune cell activity,
complement cascade,'”> and adaptive immune response.’
Therefore, the PC could be employed to modulate immune
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responses at different levels. This in turn may represent a poss-
ible method for tuning the immune response to a particular
clinical goal, i.e., enabling prolonged circulation of targeted
nanomedicines or, conversely, activating tumor-associated
immune cells for nano-immunotherapies.

Some promising strategies rely on pre-coating NPs with an
artificial PC'*7® that, in turn, regulates interactions with the
desired cells and the translocation of NPs across biological
barriers. Artificial PCs have been created for targeting appli-
cations (e.g., brain tissue'”'®) and they often depend on non-
covalent NP functionalization with single proteins, as it has
recently been demonstrated that non-covalent binding of the
desired ligands is more effective than other kinds of conju-
gations.'® Our nanoplatform for hosting the artificial PC is a
cationic liposome (CL), since liposomes may function as
potentiation agents of the immune response by carrying anti-
gens and immunomodulatory molecules.'®*° Indeed, the
reconstitution of antigens into liposomal membranes, or their
incorporation into the inner hydrophilic core, has been
reported to enhance macrophage activation,> antibody pro-
duction,*® and effective induction of cellular cytotoxicity.>* To
this end, we chose 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) which is one of the most popular and widely used cat-
ionic lipids for gene transfection applications.>® Among the
identified possible immunostimulant proteins, we selected
plasma gelsolin (GSN) as it is a highly conserved abundant cir-
culating plasma protein involved in manifold physiological
processes, such as macrophage activation,® regulation of
macrophage-mediated host defence functions, and alteration
of the expression of inflammatory cytokines.>® Furthermore,
plasma GSN can bind to several cellular lipids such as lysopho-
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sphatic acid and phosphatidylinositol acting as mediators of
inflammatory responses®” and modulators of acute innate
immune responses.”® Here, immunomodulation induced by
artificial GSN-enriched coronas was explored both in vitro and
ex vivo (Fig. 1). As a first step, DOTAP-GSN complexes with
different synthetic identities (i.e., size and zeta-potential) and
GNS surface densities were prepared by bulk mixing of DOTAP
and GSN and tuning the GSN/DOTAP weight ratio. Next, we
investigated the capture of DOTAP-GSN complexes using
human monocytic THP-1 cells in vitro and demonstrated that
particle internalization positively correlates with the GNS
density at the particle surface. Experimental in vitro validation
is an established paradigm for testing the immunomodulatory
effects of nanomaterials, but the usage of in vitro data to
predict ex vivo/in vivo phenomena has been frequently ques-
tioned.>® According to our present understanding,**”" the dis-
crepancy between in vitro and ex vivo/in vivo data is due to our
limited knowledge of the nano-bio-interactions between nano-
materials and biological systems. Upon ex vivo/in vivo adminis-
tration, plasma proteins bind to nanomaterials and endow
them with a new biological identity that controls their physio-
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logical response. To mimic physiological conditions, we incu-
bated DOTAP and DOTAP-GSN complexes in human plasma
(HP) and, subsequently, we exposed DOTAP/HP and
DOTAP-GSN/HP complexes to leukocyte subpopulations
derived from healthy donors ex vivo. DOTAP-GSN/HP com-
plexes were more avidly internalized by leukocyte subpopu-
lations as compared with DOTAP/HP with no precise depen-
dence on the GNS surface density. On the other hand, in
human monocytes, GSN modulated the production of tumor
necrosis factor alpha (TNFa) in an inverse dose-dependent
manner.

Results and discussion

Preliminary dynamic light scattering (DLS) experiments were
aimed at characterizing the size and zeta-potential of DOTAP.
The size distribution of uncoated DOTAP was unimodal and
centered at 129 + 3 nm. The corresponding zeta-potential was
highly positive with a distribution centered at 55 + 3.9 mV. We
prepared DOTAP/GSN complexes with different GNS surface
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Fig. 1 Exposing liposomes to human gelsolin (GSN) leads to GSN-coated liposomes. Fine-tuning of the GSN/lipid weight ratio generates liposomes
with low-density (LD) and high-density (HD) coatings. In vitro validation under serum-free conditions is an established paradigm for testing the
immunomodaulatory effects of nanomaterials with a precise synthetic identity. This condition was tested by administration of LD and HD liposome—
GSN to human monocytic the THP-1 cell line in vitro. Over the last 15 years, we have started to understand that the synthetic identity that nano-
materials possess in vitro could be very different from the biological identity acquired upon interaction with a biological fluid. In human plasma (HP),
liposome—GSN complexes acquire a novel “biological identity” due to the protein adsorption and consequent formation of a protein corona. The
impact of biological identity on the physiological response was evaluated by the administration of liposome—-GSN/HP complexes to leukocyte sub-
populations derived from healthy people (ex vivo).
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densities by incubating cationic DOTAP with anionic GSN at 8
GSN/DOTAP weight ratios for 15 min at 37 °C. The electrostatic
interaction between cationic NPs and anionic biomolecules
has been extensively used in the literature.*® Surface decora-
tion reduces the inter-particle repulsive barrier causing aggre-
gation and size increase. Exposing cationic liposomes to a
single protein solution may lead to the formation of liposome-
protein complexes with positive, neutral, or negative surface
charges, depending on two main factors, ie., the protein iso-
electric point (PI) and the protein/lipid molar ratio. As GSN
carries a slightly negative charge at physiological pH (nominal
pI = 6.2), the surface properties of DOTAP-GSN complexes
could be tuned by adjusting the GSN/DOTAP weight ratio. We,
therefore, validated the presence of GSN at the lipid surface by
measuring the zeta potential and the size of DOTAP/GSN com-
plexes. Results are presented in Fig. S1 in the ESL{ The
coating data were divided into two groups: low-density decora-
tion (LD) (for GSN/DOTAP weight ratio < 0.2) and high-density
decoration (HD) (for GSN/DOTAP weight ratio > 0.2).
According to the considerations made in Fig. S1 in the ESL
we chose GSN/DOTAP weight ratios equal to 0.1 and 4 as LD
and HD complexes, respectively. Then, we accessed the coating
of DOTAP-GSN complexes by one-dimensional sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (1D SDS-PAGE). A
gel image is shown in Fig. S2 in the ESIL{ To this end, GSN
was isolated from DOTAP according to the optimized proto-
cols®® and loaded in the wells of the gel. Protein profiles
shown in Fig. S27 were analyzed by custom-made scripts and
the molecular weight (MW) distributions are shown in Fig. 2a.

The MW profiles of LD and HD DOTAP-GSN complexes
exhibited a single band at 88 kDa that is fully compatible with
the nominal MW of GSN (86 kDa). The 1D intensity profiles
were not normalized, ie., the curves represent the detected
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lane intensity. Going from the LD to HD the abundance of
GSN in the artificial corona increased according to the charac-
terization results reported in Fig. S1.¥

At this point, we investigated the interaction of DOTAP-GSN
complexes with immune system cell components in vitro.
Macrophages defend against infections and foreign pathogens,
and their interaction with NPs may determine NP-enabled
immunomodulation.** For traditional cancer therapy, nonspe-
cific uptake by immune cells has been considered detrimental
as it reduces the drug availability at the tumor tissue.>*” On
the other side, massive capture by innate immune cells, such
as monocytes, macrophages, and dendritic cells in vivo, has
been recently exploited to enhance the accumulation of NPs in
tumours.*® For instance, some liposomal drugs are designed
to target perivascular tumour-associated macrophages (TAMs)
that accumulate in the tumour tissue.>® To assess NP uptake,
DOTAP, LD DOTAP-GSN, and HD DOTAP-GSN complexes were
incubated with human monocytic THP-1 cells in a serum-free
medium for 3 h. This cell line was chosen as it has become a
popular model to estimate the modulation of monocyte and
macrophage activities.”” The lipid dose/well was chosen
according to the results of preliminary cell viability experi-
ments reported in Fig. S3 in the ESI.} Flow cytometry was used
to quantitatively assess uptake by THP-1 cells at four time
points: 30 min, 60 min, 120 min, and 180 min post-adminis-
tration. Particle internalization, expressed in terms of cell per-
centage, was in the following order: DOTAP ~ LD DOTAP-GSN
< HD DOTAP-GSN. (Fig. 3a). Confocal microscopy imaging of
NP uptake by THP-1 shown in Fig. 3b indicated that signifi-
cantly much more HD DOTAP-GSN was internalized as com-
pared to DOTAP. Calculation of the number of complexes per
cell (Fig. 3c) showed that the GSN corona had a major effect on
NP uptake.
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Fig. 2 Synthetic (a) and biological identities (b) of liposome—GSN complexes. The coating of DOTAP-GSN complexes was characterized by densito-
metry analysis of the one-dimensional (1D) SDS-PAGE image reported in Fig. S1 in the ESL.} (a) 1D molecular weight distribution of LD DOTAP-GSN
and HD DOTAP-GSN. (b) 1D molecular weight distribution of DOTAP/HP complexes and LD DOTAP-GSN/HP and HD DOTAP-GSN/HP complexes.
Heat map of the most abundant proteins detected in the protein corona of LD DOTAP-GSN/HP, HD DOTAP-GSN/HP, and DOTAP/HP determined by

tandem mass spectrometry.
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(a) Flow cytometry measurements for DOTAP (red points), LD DOTAP-GSN (light purple), and HD DOTAP-GSN (deep purple) upon incubation

with human monocytic THP-1 cells. Results are reported as the percentage of FITC-positive cells. Differences between DOTAP and LD DOTAP-GSN
were not significant. For DOTAP and LD DOTAP-GSN, statistical significance was evaluated with respect to HD DOTAP-GSN (red and light purple
asterisks, respectively) using Student’s t-test (*p < 0.05; ** p < 0.01). (b) Representative confocal microscopy images of human monocytic THP-1
cells incubated with DOTAP (red framework) and HD DOTAP-GSN (deep purple framework). (c) Calculation of the humber of complexes per cell
shows that the artificial protein corona composed of GSN has a major effect on NP uptake. Scale bars of confocal images are 5 pm. Statistical signifi-

cance was evaluated using Student'’s t-test (*p < 0.05).

As clarified above, we chose GSN as a model artificial PC
for being a highly conserved abundant plasma protein and for
its ability to work as a strong immunomodulator. According to
our expectations, a GSN-enriched PC can promote massive
uptake by macrophages. However, the specific macrophages’
receptors involved in the molecular recognition of GSN motifs
are currently unknown. For this reason, we could not explore
the exact mechanism of NP internalization in depth. For the
sake of completeness, we discuss some non-specific factors
that might contribute to explaining flow cytometry and con-
focal microscopy in the ESL.{

Decorating NPs with single proteins (e.g., HSA*' and trans-
ferrin®®) could enable controlled interactions with living
systems. Nevertheless, the surface of decorated NPs may be
strongly modified by protein adsorption in physiological
environments. Based on the current literature,**™” an adduct
must be evaluated in terms of the PC attracted upon inter-
action with the biological milieu, as that interface will trigger
the physiological response. To reproduce the interface
acquired by DOTAP and DOTAP-GSN in vivo, we exposed them
to HP for 1-hour at 37 °C. DOTAP/HP complexes exhibited
small size (163 + 14 nm) and negative zeta potential (—22 mV)
(Table S1 in the ESIY). Inversion of the zeta potential produced
by HP (from 55 mV to —22.1 + 1.3 mV) is a well-known behav-
iour for several NP types embedded in HP*® and indicates
complete coating of the liposome surface with plasma bio-
molecules. The size of LD DOTAP-GSN/HP complexes slightly
increased (182 + 7 nm) and the zeta-potential reversed to nega-
tive values (zeta potential ~ —28 + 4 mV). On the other hand,
HD DOTAP-GSN complexes underwent massive disaggregation
leading to re-entrant condensation’® and promoting the for-
mation of negatively-charged particles (zeta potential ~ —13 +
3.5 mV) with decreasing size (318 + 14 nm). Exposure of
DOTAP and DOTAP-GSN complexes to HP elicited peculiar
protein patterns (Fig. 2b) due to the enrichment by manifold
different plasma proteins. The protein profiles of LD and HD
DOTAP-GSN/HP complexes resembled those of DOTAP/HP

10534 | Nanoscale, 2022, 14, 10531-10539

with a degree of similarity in the order of LD > HD. Previous
studies have shown that the composition of the PC varies due
to the balance between protein abundance and affinity to the
particle surface.’®*° Our findings suggest that plasma proteins
preferentially bind to the free lipid surface (i.e., not coated by
GSN) with GSN molecules remaining bound to lipid mem-
branes. The composition of the PC was further assessed by
nano liquid chromatography tandem mass spectrometry
(nano-LC MS/MS). To visualize changes in the protein patterns,
the identified proteins were grouped into five regions of the
MW and shown in a heat map (Fig. 2b). Among the identified
proteins, the most abundant ones were apolipoproteins,
immunoglobulins, complement proteins, serum albumin,
clusterin, fibrinogen, and vitronectin. Nano-LC MS/MS also
confirmed that DOTAP-GSN/HP complexes were enriched with
GSN in the order of HD > LD.

The following step was assessing the particle uptake by
different leukocyte subpopulations derived from peripheral
blood mononuclear cells (PBMCs) of healthy subjects ex vivo.
DOTAP/HP, LD DOTAP-GSN/HP, and HD DOTAP-GSN/HP were
injected into the donor’s whole blood and sequestration by cir-
culating leukocytes was measured over time (Fig. S4 in the
ESIf) using a strategy recently reported®” (experimental set-
tings can be found in Fig. S5 in the ESI}). Circulating leuko-
cytes are immune system cells that contribute to defending the
body against both infectious diseases and foreign invaders.
They act as a major barrier to NP-mediated drug delivery
in vivo.”> Pre-coating DOTAP liposomes with HP (gold histo-
grams) could avoid their capture by circulating leukocytes in
all the investigated populations. DOTAP-GSN/HP complexes
were massively internalized by almost all the studied popu-
lations, with an increasing trend over time (Fig. S4 in the
ESI}), until plateau values were reached. In Fig. 4 we report
leukocyte capture for the longest exposure time (ie., t =
1-hour).

B lymphocytes (i.e., CD19+), monocytes (i.e., CD14+ CD3—),
and granulocytes showed the highest uptake (between 80%

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Leukocyte uptake of DOTAP/HP (yellow), LD DOTAP-GSN/HP (deep purple), and HD DOTAP-GSN/HP (light purple) in whole blood. The flu-
orescence signal of internalized nanoparticles was measured as the percentage of FITC-positive cells by gating on distinct leukocyte subpopulations.
Data analysis was performed using FlowJo software, with results reported as the mean + standard deviation of three healthy donors. The statistical
significance of differences between DOTAP/HP and LD DOTAP-GSN or HD DOTAP-GSN/HP is reported as the p-value from Student’s t-test (* p <

0.05; ** p < 0.01; *** p < 0.001).

and 94%), whereas NK (CD56+CD3—) and NKT (CD56+CD3+)
cells present a lower level of uptake (between 18% to 40%) and
finally negligible capture was observed in T lymphocytes (i.e.,
CD3+CD4+ and CD3+CD4-). As expected, immune -cells
having a phagocyte activity like monocytes and granulocytes
show a higher capability to uptake DOTAP-GSN/HP complexes.
In addition, it is interesting to note that B lymphocytes are
also efficient to capture DOTAP-GSN/HP complexes and this
observation might be relevant to the design of DOTAP-protein
complexes used as vaccines able to boost either humoral or
cell-mediated adaptive immunity since B lymphocytes act as
antigen presenting cells to T helper lymphocytes.

As GSN was chosen to promote interaction with immune
cells, the positive correlation between GSN enrichment and
capture by circulating leukocytes confirmed our expectations.

We finally investigated whether the uptake of DOTAP-GSN
by CD14" monocytes corresponded to a functional biological
effect. We decided to evaluate the production of tumour necro-
sis factor alpha (TNFa) since it represents a proinflammatory
cytokine that reflects the activation status of monocytes and
importantly previous findings showed that GSN can inhibit
the production of TNFa in pregnant women®” and mice.>” To
this aim, leukocytes were purified from the peripheral blood of
healthy donors and incubated for 1 hour at 37 °C with DOTAP,
DOTAP/HP, and DOTAP-GSN/HP complexes. BFA was added to
the culture medium and left for additional 3 hours to allow
cytokine intracellular accumulation. The results reported in
Fig. 5 revealed that HD DOTAP-GSN/HP inhibited TNFa pro-
duction with respect to DOTAP/HP and LD DOTAP-GSN/HP.

These findings prompted us to conclude that the large
amount of GSN enriching the PC of HD DOTAP-GSN/HP might
inhibit the production of TNFa naturally produced by DOTAP-
protein complexes.

Many studies have provided evidence that toll-like receptors
(TLRs) play a pivotal role in monocyte/macrophage-mediated
proinflammatory cytokine production. Thus, we checked
whether some TLRs could contribute to the TNFa production
in response to DOTAP-protein complexes. We focus our atten-
tion on TLR2 and TLR4 since they bind not only pathogen-
derived components but also host-derived molecules.>® To this

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 TNFa production by monocytes in response to DOTAP/HP, LD
DOTAP-GSN/HP, and HD DOTAP-GSN/HP. PBMCs were treated with the
indicated NPs for 1 hour at 37 °C. BFA was added to the culture medium
and left for additional 3 hours. Intracellular TNFa detection was
measured by immunofluorescence and FACS analyses and reported as
the percentage of TNFat CD14" cells. Non-treated cells (N.T.) and LPS
were used as the negative control and positive control, respectively.
Statistical significance was evaluated using Student'’s t-test (* p < 0.05;
** p < 0.01; *** p < 0.001).

aim, we used a 293-derived reporter cell line engineered to co-
express TLR2 or TLR4 along with an NF-kB-driven luciferase
reporter. As shown in Fig. S6, exposure to specific TLR ago-
nists induced luciferase activity in the TLR2 and TLR4 reporter
cell lines, whereas no effect was observed in the presence of
DOTAP/HP or DOTAP-GSN/HP complexes, thus indicating that
other receptor-ligand pairs contributed to the observed TNFa
production.
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Conclusions

In summary, we present the design and development of artifi-
cial GSN coronas capable of triggering the activation of
immune response in terms of cellular uptake and modulating
pro-inflammatory cytokine production. An artificial PC may
allow a controlled interaction with immune system -cells,
causing immune blinding or immune activation. Since
DOTAP/HP escapes capture by THP-1 cells and circulating leu-
kocytes, it shows great promise for the targeted delivery of
nanomedicines to non-immune cells (including tumor cells).
On the other hand, DOTAP-GSN/HP shows a massive uptake
by immune system cells and retains the capability to trigger
the production of TNFa by monocytes depending on the GSN
density at the particle surface. We envision that deeper investi-
gation may contribute to the development of artificial PC
systems to control and predict the interaction of NPs with the
immune system. This approach could optimize donor-specific
and tissue-specific deliveries and minimize potential adverse
effects.

Experimental details
Chemicals

1,2-Dioleoyl-3-trimethylammonium propane (DOTAP) was pur-
chased from Avanti Polar Lipids (Alabaster, AL), and the corres-
ponding liposomal formulation (concentration 1 mg mL™")
was prepared by lipid film hydration followed by mechanical
extrusion (details of these established protocols can be found
elsewhere’). For flow cytometry experiments, liposomes were
labeled with 7-nitrobenzofurazan (hereafter referred to as
NBD-labeled liposomes). Gelsolin (product: G8032) was pur-
chased from Sigma Aldrich (St Louis, MI, USA). HP (product:
P9523) was purchased from Sigma Aldrich. Plasma powder was
reconstituted to the volume indicated on the label with Milli-
Q® H,O0 (Merck, USA).

Preparation of liposome and liposome-GSN complexes

The cationic lipid, 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP), was dissolved in chloroform and the solvent was
evaporated under vacuum for 2 hours. The lipid film was
hydrated with ultrapure water to a final lipid concentration of
1 mg mL™"' and stored at 4 °C. Multilamellar liposomes were
extruded with an Avanti mini-extruder (Avanti Polar Lipids,
Alabaster, AL) (number of passages: 20 and polycarbonate
filter size: 0.1 pm). Liposome-GSN complexes were obtained by
mixing the liposomal dispersion with GSN for 15 minutes at
37° C at eight GSN/DOTAP weight ratios: 0.01, 0.05, 0.1, 0.2,
0.4, 1, 2, and 4.

Preparation of liposome-protein complexes

Liposome-protein complexes were obtained by mixing the
bare liposome or the liposome-GSN complexes with HP for 1 h
at 37 °C (1:1 vol/vol).

10536 | Nanoscale, 2022, 14,10531-10539
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Dynamic light scattering and zeta potential

Preliminary characterization of the bare liposome, liposome-
GSN, and liposome-protein complexes was performed by
dynamic light scattering (DLS) and zeta-potential measure-
ments using a Zetasizer Nano ZS (Malvern, UK). The results
are given as the average value of three replicate experiments +
S.D.

1D SDS-PAGE experiments

Proteins were isolated from DOTAP and DOTAP-GSN by cen-
trifugation at 18 620 rcf for 15 min at 4 °C using a Z 216 MK
centrifuge (Hermle, Germany). Then we washed the pellets
three times with PBS to eliminate unbound proteins and
detach loosely bound proteins (the “soft corona”). The
obtained pellets thus contained only tightly bound proteins,
i.e.,, the so-called “hard corona”. Next, we suspended the
pellets in 20 pL of Laemmli loading buffer, boiled them for
10 min, and again centrifuged at 18 620g for 15 minutes at
4 °C. Then supernatants were collected and diluted (1:5)
before loading them on a stain-free gradient polyacrylamide
gel (4-20% TGX precast gels, Bio-Rad) and run at 100 V for
120 min. Images were collected using a ChemiDoc™ gel
imaging system (Bio-Rad, CA, USA) and processed using
custom MatLab scripts (MathWorks, MA, USA). Briefly, protein
patterns represent the intensity profiles of the image along the
vertical lines corresponding to the samples. Further details of
the image processing analysis for the determination of MW
distributions can be found elsewhere.>*

Particle sequestration from the THP1 cell line

To investigate cellular uptake in the THP1 cell line, NBD-
labeled liposomes (with HP or GSN) were administered to cells
in a serum-free medium. THP1 cells were plated at 500 000
cells per mL in 12-well dishes and then incubated for different
periods (30 s or 1, 2, or 3 h). After the treatment, the cells were
washed with cold PBS and then run on a FACS Canto (BD
Biosciences, San Jose, CA). The cells were gated using forward
versus side scatter to exclude debris and then analyzed for the
specific emission. The data were analyzed using FlowJo soft-
ware (FlowJo LLC data analysis software, Ashland, OR, USA).

Particle sequestration from circulating leukocytes

Peripheral whole blood was plated 120 pL per point and incu-
bated for different periods (30 s or 5, 15, 30, or 60 min) at
37 °C with 6 pL of NBD-labeled liposomes-PC complexes (con-
centration of 1 pg pL™'). We chose an NBD-labeling for its
characteristic of intercalating within the lipid double layer in
the hydrophobic core, thus without alteration in the formation
of the protein corona. Sample dosing was performed using the
lipid amount as a reference. The lipid amount is easily accessi-
ble as liposomal formulations were prepared at a fixed concen-
tration of 1 mg mL™". After treatment, the cells were sus-
pended in 2 ml of physiological solution and subjected to cen-
trifugation. Red blood cells were then lysed with a buffer con-
taining 155 mM NH,Cl, 12 mM NaHDO3;, and 0.1 mM EDTA.

This journal is © The Royal Society of Chemistry 2022
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After washing twice with PBS by centrifugation to exclude the
particles loosely associated, the cells were labelled with the fol-
lowing diluted antibodies: anti-CD3/BV510 (cat. 564713,
dilution 1 :50), CD56/BV421 (cat. 562751, dilution 1 : 50), anti-
CD4/APC (cat.555349, dilution 1:10), anti-CD14/PerCP (cat.
340585, dilution 1:50), anti-CD45/allophycocyanin-H7 (cat.
560178, dilution 1:50), and anti-CD19/PE-Cy7 (cat. 557835,
dilution 1:100), all from BD Bioscience (San Jose, CA). The
fluorescence signal of internalized liposome-PC complexes was
evaluated by immunofluorescence and FACS analyses using a
FACSCanto and measured as the percentage of FITC-positive
cells by gating on distinct leukocyte subpopulations as pre-
viously described.'! A representative donor is shown (Fig. S2 in
the ESIt). Data analysis was performed using FlowJo™ soft-
ware, with results reported in Fig. 2 as the mean + standard
deviation of three healthy donors.

Confocal imaging experiment

THP-1 cells were cultivated in 20% FBS, 2 mM L-glutamine,
and 1x Pen/Strep RPMI 1640 medium (Gibco). THP-1 cells
were grown in suspension in T75 or T25 flasks and split upon
reaching an approximate density of 350.000 cells per mL. On
the day of the experiment, approximately 100.000 cells were
seeded on slide chambers (FaLDon) pre-treated with poly-t-
lysin (Sigma), following the manufacturer’s protocol, to facili-
tate cell adhesion. Three experimental conditions were tested:
(i) cells treated with 6 pL of DOTAP-Texas Red (0.1 mg mL ™)
and (ii) cells treated with a mixture of 6 pL of DOTAP-Texas
Red and 24 pL of gelsolin (Sigma Aldrich, USA) (protein con-
centration = 0.2 mg ml™") pre-incubated for 15 min at 37 °C;
2 hours after cell exposure, the cells were stained with Hoechst
33342 (TermoFisher) and then fixed with 4% PFA, following
manufacturer’s protocols. Fluorescence imaging experiments
were performed using a Zeiss LSM 880 Airyscan confocal
microscope equipped with a 63x, 1.4 NA, an oil immersion
objective, and GaAsP detectors. A 4-channel imaging experi-
ment was carried out in sequential mode to avoid cross-talk
between the emission spectra of different fluorophores. The
following experimental setting was used: DOTAP-Texas Red
was excited at 561 nm and emission was collected in the
545-645 nm range, Hoechst was excited at 405 nm and emis-
sion was collected in the 410-445 nm range.

TNFa production

Ficoll-Hypaque gradient centrifugation was used to isolate
PBMCs from peripheral blood of healthy volunteers. The cells
were plated at 1 x 10° cells per mL and incubated for 1 h at
37 °C with 10 pg mL™" NBD-labeled liposomes (with HP or
GSN) in RPMI medium. After that, 10 pg ml™" brefeldin A
(BFA) was added to the culture and left for an additional 3 h.
The cells were harvested and first surface-stained with anti-
CD14/V500 (cat. 562693, clone M¢@P9; BD Biosciences, San
Jose, CA), subsequently fixed, permeabilized using BD Cytofix/
Cytoperm and finally the cells were stained with anti-TNFo/
APC (clone cA2, Miltenyi Biotec). Intracellular cytokine detec-
tion was evaluated by flow cytometry and measured as the per-
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centage of TNFa positive cells by gating on CD14" monocyte
population. Experiments were performed using a FACSCanto
(BD Biosciences, San Jose, CA). Data analysis was performed
using FlowJo™ software.

Cell viability experiments

The cell viability of the THP-1 cell line was evaluated using 2,3-
bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carbox-
anilide (XTT assay, cell proliferation Kit II, Roche). The cells
were seeded on 96-well plates (50 000 cells per well) and incu-
bated with an increasing amount of bare liposome (1, 2, 4, 6,
8, 10 and 12 pg) in RPMI-1640 (Gibco, Carlsbad, CA, USA)
medium supplemented with 2 mM 1-glutamine, 100 TU mL ™"
penicillin/streptomycin and 10% fetal bovine serum. Then, the
cells were incubated for 48 h at 37 °C. Next, 50 pL of XTT solu-
tion, previously prepared as indicated in the kit protocol, was
added to each well of the plate and the treated cells were incu-
bated at 37 °C for 3 h. After that, the absorbance of each well
was measured with a Glomax Discover System (Promega,
Madison, WI, USA), a detection multi-mode instrument with
high performance. All the measurements were made in
triplicate.

Minimum information reporting in the bio-nano experimental
literature (MIRIBEL)

Accurate characterization in nanomedicine research is vital for
generating reliable and reproducible results.”®> Among the
possible options, the experimental details of this investigation
were provided matching with the MIRIBEL reporting standard
for bio-nano research.>® All the information useful to replicate
the experiments have been incorporated into a companion
checklist (Table S2 in the ESIY).

NF-kB luciferase reporter assay

TLR-specific activation assays were performed using human
embryonic kidney 293 (HEK293) cells expressing luciferase
under control of the NF-kB promoter and stably transfected
with TLR2 or TLR4 purchased from InvivoGen (Toulouse,
France). HEK293-transfected cells were maintained in DMEM
supplemented with 4.5 g L™ glucose and 10% FBS, 1% peni-
cillin/streptomycin solution (Invitrogen), 5 pg mL™" puromycin
(Sigma-Aldrich, St Louis, MO) and 5 pg mL™" blasticidin
(InvivoGen). For the NF-kB luciferase assay, 40 000 cells per
well were seeded in 100 pL of complete DMEM without anti-
biotics in 96-well plates and incubated for 18 h at 37 °C. After
this incubation, the medium was removed, the cells were
washed with PBS, and 200 pL of DMEM without FBS were
added. The cells were incubated with suitable amounts of
DOTAP-HP or DOTAP-GSN and left for 5 h. As a positive
control, specific TLR agonists were used (i.e., 1 pM Pam3CSK4
and 10 pg ml™" LPS both from InvivoGen). After incubation,
supernatants were collected from each well, the cells were
washed with PBS and then lysed for 15 min at room tempera-
ture using 50 pL per well of 1:5 diluted “passive lysis buffer”
(Promega, Madison WI). The protein concentration was evalu-
ated by the Bio-Rad protein assay. In total, 3 pg of total pro-
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teins for each sample were diluted in 50 pL of PBS, and 50 pL
of luciferase assay substrate (Promega, Madison WI) was
added. Emitted light was immediately quantified using a
luminometer GloMax-Multi Detection System (Promega,
Madison WI).
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