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GRAPHICAL ABSTRACT

Fusogenic cancer cell-derived nanocarriers, combining homotypic targeting capabilities and fusogenic properties, are capable of fast intracellular delivery of the
encapsulated payloads into the cytosol of living cells.

ARTICLE INFO ABSTRACT
Keywords: A surface-engineered cell-derived nanocarrier was developed for efficient cytosolic delivery of encapsulated
Biomimetic biologically active molecules inside living cells. Thus, a combination of aromatic-labeled and cationic lipids,
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instrumental in providing fusogenic properties, was intercalated into the biomimetic shell of self-assembled
nanocarriers formed from cell membrane extracts. The nanocarriers were loaded, as a proof of concept, with
either bisbenzimide molecules, a fluorescently labeled dextran polymer, the bicyclic heptapeptide phalloidin,
fluorescently labeled polystyrene nanoparticles or a ribonucleoprotein complex (Cas9/sgRNA). The
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demonstrated nanocarriers fusogenic behavior relies on the fusogen-like properties imparted by the intercalated
exogenous lipids, which allows for circumventing lysosomal storage, thereby leading to efficient delivery into the
cytosolic milieu where cargo regains function.

1. Introduction

Lipid-derived nanocarriers have shown astonishing performance as
drug-delivery systems for manifold diseases [1]. Indeed, the healthcare
industry has been seduced by several formulations based on liposomes,
leading to medicinal products commonly applied in medical practice
[2], mostly as chemotherapeutics or vaccines. We should emphasize the
“game changer” role of lipid nanoparticles (NPs) in mRNA-based vac-
cines during the COVID pandemic and beyond [3,4]. All in all, relatively
“simple”, cost-effective, self-assembled lipid-based formulations have
demonstrated how positively nanomedicines can impact our lives. Many
of the advances fueling research on lipid-based nanocarriers rely on
synthetic approaches to expand their capabilities beyond mere carriers
of lipophilic drugs, including surface engineering (“stealth”, stability
and targeting properties) [5], lipid cubic phases (high membrane surface
area and cargo versatility; that is, cubosomes) [6], and the inclusion of
“helper” lipids enabling transfection of non-cell-permeant macromole-
cules into cells [7,8].

Several groups have developed the field of cell membrane cloaking
during the last decade, seeking multifunctional, sustainable, biomimetic
approaches for the fabrication of the next generation of lipid-based
nanocarriers [9-12]. In brief, cell membrane fragments are isolated
from freshly harvested cells (any cell should work for this matter); then,
fragments bearing their inherent cell-dependent macromolecular
complexity (proteins, lipids, and carbohydrates) are reconstituted to
form biomimetic nanocoatings or nanocapsules [13]. Alternatively,
glycoproteins isolated from such cell membrane fragments may be
anchored on “classic” liposomes [11,14]. Either way, biomimetic cell-
derived nanocarriers have shown cell-specific functions derived from
the type of cells from which they originated, such as prolonged circu-
lation time, homotypic targeting, and enhanced migration into tumoral
sites or inflamed tissue [14-16].

Beyond homing and stealth features, intense synthetic and engi-
neering efforts have been devoted to equipe nanocarriers and thera-
peutic macromolecules with the capability of surpassing endo-lysosomal
internalization pathways, as many viruses do, aiming to gain cytosolic
delivery of active compounds [17,18]. This challenge remains particu-
larly critical for advanced therapies such as immunotherapy and gene
editing, for which dose-efficient and rapid access to specific cytosolic
targets go hand in hand with therapeutic effectiveness. Besides physical
methods such as electroporation and microinjection, or permeabiliza-
tion in fixed cells, previous attempts have focused on engineering the
nanocarriers surface to achieve direct translocation, to enhance endo-
somal escape (by endosomolytic lysis, membrane pore formation, proton
sponge effect, etc.) or, to bypass endosomal entrapment by inducing
fusion of the carrier with the cell membrane [19]. The latest relies on
proteins capable of controlling fusion events among cell membranes and
pathogens or cell membranes, called fusogens [20] (viral fusogens
[18,21] or intracellular fusogens such as SNARE family protein [22,23]).

In this work, we present the design of a fusogenic cell-derived
nanocarrier comprising cell membrane extracts and a combination of
aromatic labeled and cationic lipids, namely 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine labeled with the dye Atto 647 N as aromatic
headgroup (DOPE-647 N), and N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium methyl-sulfate (DOTAP). Our modifications were
inspired by previous work by A. Csiszar et al. [8,24], aimed at devel-
oping fusogenic liposomes by using a specific synergistic combination of
lipids, demonstrating the fusogen-like role of cationic lipids with an
inverted conical shape and aromatic headgroups. Herein, we adopted
this strategy aiming to favor fusion over the otherwise prevalent
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endocytic pathways typically observed for both solid and soft NPs like
liposomes and extracellular vesicles [25]. By modifying the lipid
composition of biomimetic vesicles, we aim to engineer nanocarriers
with dual functionalities, that is, homotypic targeting capabilities
derived from the biomimetic coating and intrinsic fusogenic properties.

2. Results and discussion
2.1. Synthesis and characterization of biomimetic nanocarriers (F)CSMs

The newly developed biomimetic nanocarrier can be efficiently
loaded with manifold types of cargo, from small hydrophobic molecules
such as the bisbenzimide compound Hoechst H 33258 (HOE) to non-cell-
permeant macromolecules such as dextran polymer (DS), the toxin
phalloidin (PHA), or a ribonucleoprotein complex (Cas9/sgRNA), or
even solid NPs (polystyrene nanoparticles, PSNPs). Upon entering in
contact with living cells, in contrast to unmodified cell-derived nano-
carriers (herein denoted cellsomes, CSMs), fusogenic cellsomes do not
end up in lysosomes. That is, the fusogenic cellsomes (herein referred to
as fusosomes, FCSMs), are able to fuse with the cell membrane of living
cells, thereby leading to the fast release of the encapsulated compounds
into the cytosol of cells, where they regain bioactivity, such as staining
intracellular structures (Fig. 1).

CSMs derived from adenocarcinomic human alveolar basal epithelial
cells (A549 cells) were produced as previously described elsewhere
[26], with minor modifications to encapsulate different types of cargo;
details can be found in the Supporting Information (Experimental pro-
cedures, Fig. S1 and Table S1). Briefly, cell membrane fragments were
extracted from A549 cells. To reconstitute fragments into CSMs, the
pellet of harvested membrane fragments was resuspended in phosphate
buffered saline (PBS) buffer and subjected to ten consecutive cycles of
extrusion through polycarbonate membranes (800 nm pore size).
Additionally, the CSM membrane was labeled with a fluorescent mem-
brane lipid-based tracer (DOPE-647 N). Then, FCSMs were produced
equivalently, followed by the intercalation of the two lipids (DOPE-647
N/DOTAP, 1/1 mol/mol). Alternatively, in both CSMs and FCSMs, cell
membrane extracts were mixed with the target cargo (Table S1) and
another extrusion cycle was performed. Samples are then purified by
spin filters, size exclusion chromatography or centrifugation to remove
the free cargo. The size (native number-weighted distribution) and
concentration of the CSMs and FCSMs were determined by nanoparticle
tracking analysis (NTA) and dynamic light scattering (DLS).

Consistent with previous results [26], DLS measurements showed
that the average hydrodynamic diameter of both samples at physiolog-
ical pH (pH 7.4) remains constant at ~ 200 nm: 217 + 7 for CSM and
195 + 26 nm for FCSM (Fig. 2a, Fig. S2 and Table S2). Similar results
were obtained by electron microscopy analysis (Fig. 2¢ and Fig. S3).
NTA analysis of the resulting CSMs and FCSMs showed a mean hydro-
dynamic diameter of 158 + 19 and 155 + 7 nm, respectively (Fig. 2c,
Fig. S4, Table S3). As expected, also the yield of CSMs and FCSMs is
equivalent (Table S3), as it depends on the number of cells used per
synthesis (10 — 20010° cells); typically, our stocks (1 mL) contain 2 —
310! (F)CSMemL . ¢-potential of CSMs and FCSMs are very similar,
—24.1 £ 1.0 and —19.3 + 0.9 mV, respectively (Fig. 2b and Table S2);
this small difference is compatible with the inclusion of the cationic
DOTAP in the case of FCSMs. The positively charge headgroups of the
intercalated DOTAP slightly decrease the overall negative charge of the
FCMs. That said, in contrast to equivalent fusogenic liposomes with
{-potential values in the range of 50 mV, [8] both cell-derived nano-
carriers are negatively charged. The hydrodynamic size of both CSMs or
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FCSMs was not significantly affected by the inclusion of any of the
different cargos (Fig. S4, Table S3), except in the case of PSNPs, in
which the system size depends on the NP core diameter (100 nm and
200 nm diameter core NP was chosen as model systems for solid NPs
template).

The impact of (F)CSM samples in cell cultures was evaluated.
Cellular metabolic activity as an indicator of cell viability was measured
by MTT assay to evaluate the possible cytotoxicity effect of the (F)CSM
samples. Results shown in Fig. 2d reflected a high cell viability after
treatment with several doses of (F)CSM (even up to 500,000 (F)CMS per
cell) after 24 h of exposure in A549 cells. In vitro targeting efficacy of (F)
CSM was first investigated against different cell lines (tumoral derived
cell lines, HeLa and A549 cells, and non-tumoral cell line, MRC-5 fi-
broblasts). Cancer cell membrane coating has proven its ability for
tumor targeting [16,26]. Here, the effect of lipid modification of the
fusogenic nanoformulation on its targeting capabilities was also studied
by flow cytometry after 10 min and 60 min time of incubation. Higher
affinity towards A549 cancer cells than the other cells, such as MRC-5 or
Hela cells, (tumor homing effect in vitro) is shown in Fig. 2e for A549
cell-derived (F)CSMs. The biological complexity of the original cell
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surface and its properties were successfully transferred and retained on
the (F)CSM formulation, facilitating the accumulation of the (F)CSMs
more efficiently in the cell from the same origin (source). Natural
homotypic targeting of CSMs was preserved on FCSMs.

2.2. Fusogenic properties of (F)CSM nanocarriers

Then, the fusion capacity of the cell-derived nanocarriers incubated
with A549 cells was investigated by live-cell imaging of treated A549
cells using a spinning disk confocal microscopy. Analysis of differences
in the fluorescence signal distribution from DOPE-647 N indicates dif-
ferences in the internalization process of (F)CSMs. A punctuated pattern
of fluorescence dots is observed in Fig. 3a, suggesting endosomal
localization of CSMs. However, the results in Fig. 3b showing fluores-
cence signal homogeneously distributed in the cytoplasm and mainly in
the membrane of the cells, revealed endosomal escape of FCSMs
compared to the cells treated with equivalent doses of non-fusogenic
nanocarriers. We also performed Super-Resolution Radial Fluctuations
(SRRF) analysis to improve resolution on the confocal images of FCSMs
treated cells (Fig. 3b, left panel) [27,28]. SRRF analysis showed the
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Fig. 1. Schematic representation of CSM vs FCSM formation and their main activity as drug delivery carriers.

Hoechst PSNP Cas9/sgRNA

490



E. Soprano et al.

DOPE-647 N signal uniformly distributed along the plasmatic cell
membrane. Therefore, the intercalation of the lipids DOTAP and DOPE
on the CSMs determines the fusogenic properties of FCSMs. We hy-
pothesize that the positive charge introduced by DOTAP allows to in-
crease the electrostatic interaction between the nanocarrier and the
negatively charged glycocalyx of the cell membrane; while the presence
of a neutral lipid with a cone-like structure such as DOPE assists in
membrane destabilization [24,29,30].

To further investigate the difference in the internalization pathway,
cellular uptake studies of (F)CSM were examined after blocking all
energy-dependent pathways. To assess this, we use temperature control
(lowering the temperature to 4 °C) or endocytic inhibitors (a combina-
tion of 2-deoxy-p-glucose and sodium azide). Both treatments block all
energy-dependent routes [31]. As shown in Fig. 3c, the internalization of
CSMs were significantly reduced at 4 °C and by the combination of 2-
deoxy-p-glucose and sodium azide, while FCSMs internalization was
only minimally reduced after inhibition of the energy-dependent
mechanisms. Confocal microscope images also confirm the FCSM
fusion with cell membrane at 4 °C (Fig. 3d). That said, the exact fusion
mechanism has not been deeply elucidated yet. However, we have
demonstrated that by intercalating the cationic and neutral lipids, the
fusogenic properties can be incorporated into the intrinsic homotypic
targeting capabilities of CSMs without impairing cell viability.

2.3. Intracellular cargo delivery

Next, to investigate the intracellular cargo delivery using FCSMs, we
selected different bioactive cargos: from small cell-permeant molecules
to non-cell-permeant macromolecules and NPs. The delivery into the
cytoplasm of the cells was monitored by confocal microscopy. In all
cases, CSMs with encapsulated cargo, and control of non-encapsulated
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cargo (free) were added to the cells using equivalent cargos concentra-
tion. The first selected cargo was the bisbenzimide compound Hoechst H
33258 (HOE), a blue, fluorescent dye typically used for DNA staining in
molecular biology; once the sample has been purified by size exclusion
chromatography, the cargo loading on (F)CSMs was quantified by
fluorescence measurements (Fig. S5, Table S4). After 10 min incubation
with cells, nuclear staining and homogenous plasma membrane staining
were observed simultaneously only in cells treated with the FCSM
sample (Fig. 4a left panel, Fig. S6-S9). The fluorescence signal from
DOPE-647 N labeled FCSM spread along the cell membrane suggests the
membrane fusion between the cell membrane and the nanocarrier.
Moreover, the release of HOE inside the cytosol is evidenced by nuclei
staining at shorter times (10 min) than achieved with free HOE (Fig. S6-
S7). As a reference, cells nuclei remained unstained in cells treated with
free HOE or CSM@HOE at the same HOE concentration within these
time periods. Although the fluorescence signal from DOPE-647 N
labeled CSMs appeared punctuated inside the cells, indicating that the
CSMs@HOE were successfully internalized by endosomal vesicles, the
cargo was not released or leaked into the cytosol after those incubation
times (Fig. 4a right panel).

Next, a large non-cell-permeant macromolecule was selected as
cargo to confirm the intracellular delivery efficacy of FCSMs. Dextran
(DS), a hydrophilic polysaccharide of 70 kDa conjugated with fluores-
cent SNARF dye was encapsulated in (F)CSMs. A549 cells were treated
with equivalent concentration of (F)CSMs@DS and free DS. Confocal
images after 10 min and 3 h treatment with FCSM@DS show the DS
signal homogeneously distributed inside the cytosol of the cells (Fig. 4b
left panel, Fig. S10-S14). In contrast, colocalization between the DS
fluorescence signal and DOPE-647 N fluorescence signal from CSM@DS
sample was observed, indicating that DS remains encapsulated inside
CSMs entrapped in endocytic vesicles (Fig. 4b right panel, Fig. S10-
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Fig. 2. Characterization of (F)CSM nanocarriers. a) Hydrodynamic size of CSM (blue line) and FCSM (red line) at pH 7.4 analyzed by DLS (n = 3 + SD). (b)
¢-potential of CSM (blue line) and FCSM (red line) analyzed by DLS (n = 3 + SD). c) Size distribution analysis of CSMs (blue line) and FCSMs (red line) by NTA.
Scanning electron images of (F)CSMs stained with 2 % of uranyl acetate solution (left). Scale bars: 200 nm. d) Cell viability analysis by MTT assay of A549 cells
treated with different concentrations of CSMs (in blue) and FCSMs (in red) for 10 min (squares), 3 h (circles) and 24 h (triangles). (e) Flow cytometric analysis of
A549, MRC5, and HeLa cells incubated with CSMs (blue) and FCSMs (red). Mean Fluorescence Intensity (MFI) of DOPE-Atto647 labeled (F)CSMs internalized by cells
expressed as mean + SD, n = 3. Statistical analysis was assessed by two-way ANOVA test (***p = 0.0003, ****p < 0.0001).

491



E. Soprano et al.

Journal of Colloid And Interface Science 648 (2023) 488-496

*okk w | 7T
_ 12 e4°C
<10 ’—‘ eDeoxyGIlu/NaNy
3
& 8
[
c 6
£
o 4
o
w2
CSMs FCSMs

Fig. 3. Confocal images of A549 cells incubated with CSMs (a) and FCSMs (b) for 10 min and 60 min. Fluorescence signal from DOPE-Atto647 (left panel) and
brightfield channel merged with the fluorescence channel (right panel). Image of FCSM sample analyzed by the Super-Resolution Radial Fluctuantions (SRRF) al-
gorithm[27] (in blue square). Scale bar: 20 pm. ¢) (F)CSM uptake in A549 cells at 37 °C, 4 °C and in presence of 2 deoxy-p-glucose and sodium azide. Normalized MFI
of DOPE-Atto647 labeled (F)CSMs internalized by cells expressed as mean + SD, n = 3. Statistical analysis was assessed by two-way ANOVA test (*p = 0.0298, **p =
0.0067, ***p = 0.0002, ****p < 0.0001). d) Confocal images of A549 cells incubated with CSM@DOPE-647 N (left) and FCSM@DOPE-647 N (right) at 37 °C

and 4 °C.

§14). A comparative quantitative analysis of the fluorescence staining,
evaluated by corrected total cell fluorescence (CTCF) per cell, confirmed
that efficient cytosolic cargo release is achieved for both samples,
FCSM@HOE (Fig. 4c) and FCSM@DS (Fig. 4d) at 10 min and 3 h. Then,
specific binding to an intracellular target was also explored by using the
bicyclic heptapeptide phalloidin (PHA) as cargo, a non-cell-permeant
toxin used to visualize the F-actin of eukaryotic cells. Free PHA is not
capable of crossing the cellular membrane unless cells are per-
meabilized. Confocal images confirmed the labeling of F-actin of living
cells by the intracellular delivery of FITC-labeled PHA from FCSMs after
30 min of treatment (Fig. 4e and Fig. §14-S15).

As a proof of concept of the FCSM carriers versatility for cytosolic
delivery, solid PSNPs were selected as cargo for their well-documented
endocytic efficiency [32]. Overcoming the limitations regarding NP
delivery at the intracellular level, while avoiding lysosomal storage and
degradation, is one of the main challenges for next-generation nano-
medicines. Here we investigate the intracellular delivery of 100 nm and
200 nm sized PSNPs cloaked with (F)CSMs. The interaction between
polymeric NPs and cells has been widely studied [33,34]. Besides
cellular uptake of NPs depends on NP properties such as size, shape, and
surface chemistry, or cellular type [35,36]; energy-dependent endocytic
processes are responsible for NP uptake in non-phagocytic cells [32].
100 nm and 200 nm-sized PSNPs were coated with DOPE-647 N func-
tionalized CSMs and FCSMs. Prior incubation with cells, purified (F)
CSM@PSNPs were characterized by NTA (Fig. 5a, Fig. S4 and Table S3)
and by flow cytometry to validate effective biomimetic coating of PSNPs
(Fig. 5b and Fig. S16). Then, 200 nm-sized PSNPs and PSNPs cloaked
with (F)CSMs were incubated with A549 cells at similar NP dose for 2 h.
Confocal images revealed that the fluorescence signal from PSNPs was
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partly distributed inside the cytosol of the cells treated with the
FCSM@PSNP sample (Fig. 5c, Fig. S17a). In contrast, fluorescence of
PSNP appeared punctuated in the cells treated with CSM@PSNPs
(Fig. S17b) and with bare PSNPs (Fig. S17¢), suggesting endosome/
lysosome accumulation. Similar results were obtained from 100 nm-
sized PSNP cloaked with (F)CSMs (Fig. 5d and Fig. S18). In both cases,
CSMs coating increased the PSNP uptake rate compared to bare PSNPs.
Meanwhile, FCSMs coating also increased the PSNP uptake rate
compared to both PSNP with and without CSM coating, while permitted
PSNP endosomal escape.

Finally, we applied our FCSMs nanocarriers for the delivery of a
CRISPR-associated protein 9 (Cas9) and a single guide RNA (gRNA)
against a target gene. The ribonucleoprotein complex (Cas9/sgRNA)
enables the manipulation of DNA sequences of cells and organisms,
therefore they need to be released in the cytosol and driven to the nu-
cleus to perform gene editing at a specific DNA sequence guided by the
sgRNA [37,38]. Viral vectors and lipid-based NPs have been applied for
the in vitro and in vivo delivery of the ribonucleoprotein complex,
however, obstacles such as safety, the large size of Cas9, off-target, and
low gene editing efficiency still need to be overcome by novel advanced
nanocarriers formulations [39,40]. In this work, we used 293-T-HEK-
dEGFP reporter cells to evaluate the nuclease activity of the ribonu-
cleoprotein complex (Cas9/sgRNA) delivered by the FCSM nanocarriers
(Fig. 5e). FCSM which co-encapsulated Cas9/sgRNA complex was
analyzed by NTA (see Fig. S4 and Table S3) and the fusogenic prop-
erties were observed after 10 min of incubation with 293-T-HEK-dEGFP
expressed cells (Fig. S19). We analyzed the Cas9-gRNA gene editing
efficiency by quantifying the loss of GFP expression in HEK-dEGFP re-
porter cells by flow cytometry. As shown in Fig. 5f, the FCSM-mediated
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Fig. 4. Cargo delivery inside the cytosol of A549 cells treated with (F)CSMs. a) Confocal images of A549 cells incubated with FCSM@HOE (left panel) or CSM@HOE
(right panel) for 10 min. For each panel column, from top to bottom, images show the fluorescence signal from HOE (blue), the fluorescence signal from DOPE-647 N
labeled (F)CSM (violet), and the overlay of the two fluorescence channels. Scale bars: 20 pm. b) Confocal images of A549 cells incubated with FCSM@DS (left panel)
or CSM@DS (right panel) for 10 min. For each panel column, from top to bottom, images show the fluorescence signal from DS (orange), the fluorescence signal from
DOPE-647 N labeled (F)CSM (violet), and the overlay of the two fluorescence channels. Scale bars: 20 pm. ¢) Comparison of the intracellular fluorescence signal by
analyzing corrected total cell fluorescence (CTCF) per cell generated by FCSM@HOE, CSM@HOE, and HOE for 10 min and 3 h of treatment. d) Comparison of the
intracellular fluorescence signal by analyzing CTCF per cell generated by FCSM@DS, CSM@DS, and DS for 10 min and 3 h of treatment. e) Confocal images of A549
cells incubated with FCSM@PHA (left panel) or CSM@PHA (right panel) for 30 min (PHA in green and (F)CSM in violet). Scale bars: 20 pm.

CRISPR/Cas9 delivery system yields a reduction down to 35 % of GFP
expression in HEK cells after a 12 h single dose administration.

3. Conclusion

In conclusion, in this work we provide a straightforward strategy for
intracellular cargo delivery based on the intrinsic abilities of lipid-
engineered cancer cell-derived nanocarriers to directly fuse with the
plasma membrane and independently of the cargo nature. We achieved
intracellular localization of several types of payloads (from small mol-
ecules to large non-cell-permeant macromolecules and solid NPs) by
combining the nanocarrier biomimetic features (natural homotypic
targeting) and fusogenic properties. The underlying mechanism associ-
ated with the fusion process and trafficking remains to be elucidated in
future studies.

4. Methods
4.1. Synthesis of biomimetic nanoparticles (CSM and FCSMs)

The synthesis of cellsomes (CSMs) was carried out following the
protocol described in the literature [26], with a procedure to obtain
monodispersed vesicles of 200 nm in size. Synthesized CSMs were
derived from 3 different cell lines (tumoral cell lines such as cervix
epithelial carcinoma cells, HeLa cells; and adenocarcinomic human
alveolar basal epithelial cells, A549 cells). To prepare the CSMs, cells
were incubated in 75 cm? or 175 cm? cell culture flasks in complete
Dulbeccos Modified Eagle Medium (DMEM), supplemented with 10 %
fetal bovine serum (FBS) and Penicillin-Streptomycin in a humidified
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chamber at 37 °C under 5 % COs. Then, the cells were harvested after
trypsinization for 2 min with 2 mL of 0.25 % Trypsin—-EDTA. 10 mL of
complete DMEM was added to recover the cells and transferred to a 50
mL sterile tube. The cells were collected after centrifugation at 500 g for
5 min. The collected cells (10-20 - 10° cells) were washed with
phosphate-buffered saline (PBS, pH 7.4) and centrifuged at 600 g for 5
min. The cell pellet was re-suspended in 10 mL of hypotonic buffer
(0.25X PBS) containing 1X Protease inhibitor cocktail and incubated in
an ice bath for 10 min. Then the cell lysis was carried out by 4 cycles of
freezing in liquid nitrogen for 1 min followed by thawing at 37 °C for 10
min. Finally, the solution was placed in a bath sonicator for 5 min. To
purify the cell membrane fragments, the solution was subjected to
several centrifugation steps. First the solution was centrifuged at 700 g
for 10 min at 4 °C to discard nuclei or whole cells. Then the cell mem-
brane fragments that remained in the supernatant were precipitated by
centrifugation at 15,000 g for 30 min at 4 °C. The pellet was dispersed in
1 mL of 20 mM of 2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethanesulfonic
acid (HEPES, pH 7.4) buffer and subjected to 10 cycles of extrusion by
using an Avanti® Mini extruder with a 800 nm polycarbonate mem-
brane. Fluorescently labeled CSMs were produced using a fluorescent
phospholipid (DOPE-Atto647N, 18:1 (A9-Cis) PE, 1,2-Dioleoyl-sn-glyc-
ero-3-phosphoethanolamine labeled with Atto647N) that was added to
the lipid bilayer of the CSMs. 1 mL of obtained CSMs dispersed in PBS
were mixed with the 2 uL of 1 mg-mL~! of DOPE-Atto647N and soni-
cated for 10 min. The resulting CSMs were extruded 10 cycles using an
Avanti® Mini extruder (with an 800 nm polycarbonate membrane),
purified by ultrafiltration using Amicon® Ultra-0.5 Centrifugal Filter
Devices (cut-off of 100 kDa) and washed with 20 mM HEPES at least 3
times.
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Fig. 5. A) hydrodynamic size of PSNPs (black line), CSM coated PSNPs (blue line) and FCSM coated PSNP (red line) at ph 7.4 analyzed by dls (n = 3 + SD). b)
Characterization of (F)CSM cloaked PSNP by flow cytometry: scatter density plots of Rhodamine fluorescence channel (corresponding to PSNPs signal) versus
Atto647N fluorescence channel (corresponding to (F)CSMs signal) for PSNP sample and (F)CSM@PSNP sample. c¢) and d) Confocal images of A549 cells incubated
with (F)CSM@PSNP for 2 h (200 nm sized PSNP in red (c) and 100 nm PSNP in green (d)). Scale bars: 20 pm. e) Schematic representation of CRISPR/Cas9 gene
editing delivered by FCSMs. f) Percentage of editing rate of dEGFP expression in HEK-293 before and after FCSM@Cas9-gRNA treatment: HEK cells were treated with
FCSM@Cas9-gRNA for 12 h, and GFP expression in cells was analyzed by flow cytometer after 48 h (n = 3 + SD).

Fusogenic cellsomes (FCSMs) were prepared using lipid components
like neutral lipids, positively charged lipids and aromatic/fluorescent
compounds. Precisely, 1 mL of non-fluorescent CSMs (1 mg) dispersed in
20 mM HEPES was mixed with 20 pL. of DOPE-Atto647N (1 mg~mL’1)
and 10 pL of 18:1 TAP 1,2-dioleoyl-3-trimethylammonium-propane,
DOTAP (1 mg~mL*1). The solution was sonicated for 10 min and
extruded 10 cycles using an Avanti® Mini extruder with an 800 nm
polycarbonate membrane and purified by ultrafiltration using Amicon®
Ultra-0.5 Centrifugal Filter Devices (cut-off of 100 KDa) and washing the
solution with 20 mM HEPES at least 3 times.

4.2. CSM and FCSM cargo loading

To incorporate the corresponding cargo (Hoechst, Dextran-SNARF,
Phalloidin-FITC, PS NPs, Cas9/sgRNA) to the (F)CSMs, the corre-
sponding volume of the specific cargo (Table S1) was added to the (F)
CSMs solutions. The cargo/(F)CSMs solution was stirred for 10 min and
sonicated for 5 min at RT. The resulting (F)CSMs were extruded 10 cy-
cles using an Avanti® Mini extruder with a 800 nm polycarbonate
membrane. The (F)CSMs@cargo sample was purified from the excess of
non-incorporated cargo molecules by size exclusion chromatography,
ultrafiltration by using Amicon® Ultra-0.5 Centrifugal Filter Devices
(cut-off of 100 kDa), or by centrifugation (see Supplementary Informa-
tion). The samples were concentrated/resuspended in 100 pL. 20 mM
HEPES volume. The amount of cargo molecules loaded into the (F)CSMs
was quantified by fluorescence analyses using a Microplate reader
(TECAN, Infinite® 200 PRO) equipped with monochromator-based op-
tics and wavelength selection between 280 and 850 nm.
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4.3. Characterization of CSM and FCSM.

(F)CSM samples were characterized by dynamic light scattering
(DLS), nanoparticle tracking analysis (NTA) and scanning electron mi-
croscopy (SEM). All the samples were analysed in PBS or in 20 mM
HEPES buffer pH 7.4 by using a DLS Malvern Zetasizer Nano ZSP
(Malvern Instrument 1td.). All measurements were carried out at 37 °C.
All the samples were analysed by using a NanoSight NS300 (Malvern
Instrument Itd.) equipped with a 405 nm laser. All measurements were
carried out at 24 °C. (F)CSMs were diluted 1:10,000 in MilliQ water
(200 nm filtered) to a final volume of 1 mL and loaded in the mea-
surement chamber with a flow rate of 50 mL/min. For SEM analysis, (F)
CSMs samples were stained by using a 2 % Uranile acetate solution. 2 pL
of (F)CSMs suspension was deposited onto the a 3 — 4 nm thick film of
amorphous carbon supported on a 400 mesh copper grid (Ted Pella Inc.,
#01822-F). All images in this section were obtained using a scanning
electron microscope ZEISS FESEM ULTRA Plus.

4.4. Cellular uptake

HeLa, A549 and human lung fibroblast MRC-5 cell lines were
cultured in complete media (DMEM supplemented with 10 % FBS and 1
% P/S). Cells were maintained under humid conditions at 37 °C and 5 %
of CO». Cells were seeded in 48-well plate at a density of 25,000 cells per
well in 0.3 mL of complete media. After 24 h, the cell medium was
replaced with the freshly prepared DOPE-Atto647N labeled CSMs or
FCSMs dispersions. Homotypic experiments were performed by
exposing the cells to (F)CSM dispersions at 37 °C and 5 % CO», for 10 min
in PBS and 1 h in complete media. After (F)CSMs exposure, cells were
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washed with 0.3 mL PBS per well. Then, cells were harvested after
trypsinization for 2 min with 0.075 mL 0.25 % Trypsin-EDTA. 0.15 mL
of PBS or complete media was added to each well to recover the cells.
Cells were pelleted by centrifugation at 300 g for 3 min, then resus-
pended in 200 pL of cell media or PBS. Cell fluorescence intensity was
measured using a Guava Millipore flow cytometer equipped with 642
nm red laser (Cat. No. A16501, A16504) coupled with 620/50 nm filter.
Results are reported as the median of cell fluorescence intensity.

4.5. Cytotoxicity assay

In order to study the number of viable cells after (F)CSMs exposure,
3-[4,5-dimethylthiazol-2-yl1]-2,5-diphenyltetrazolium bromide (MTT)
assay was performed. A549 cells were seeded in 96-well plates, 7,500
cells per well in 100 pL of cell growth medium 24 h before (F)CSMs
exposure. The media was then removed and 100 pL of cell culture
growth medium with the desired concentration of (F)CSMs were added.
After different incubation times (10 min, 3 h and 24 h), each well was
rinsed once with PBS and 110 pL of freshly prepared MTT solution
diluted in cDMEM was added. After 3 h at 37 °C and 5 % CO, 85 pL of
MTT solution were removed, 50 pL of DMSO were added to each well to
dissolve the formazan crystals and the 96-well plate was left for 10 min
at 37 °C and 5 % CO,, Then, absorbance was measured with a plate
reader (TECAN, Infinite® 200 PRO) at 540 nm.

4.6. In vitro cargo release inside living cells by confocal microscopy

Cells were seeded in a p-Slide VI 0.4 (#80606) well plate at a con-
centration of 15,000 cells per well. Cells were allowed to grow in
complete media at 37 °C and 5 % CO, for 24 h to reach 70 % of
confluence. The (F)CSMs samples were exposed to the cells at different
time treatments (10 min in PBS and 1 h in complete media, at 37 °C and
5 % CO3) at HOE, DS and PHA concentrations of 3.3 uM, 70 nM and 0.2
uM, respectively. The (F)YCSMs@PSNPs samples were added to the cells
at the concentration of 12,000 NPs/cell. Cells were washed twice with
fresh PBS and complete media without phenol red was added. Confocal
images were captured on an Andor Dragonfly spinning disk confocal
system mounted on a Nikon TiE microscope equipped with a Zyla 4.2
PLUS camera (Andor, Oxford Instruments) and an OKO-lab incubator to
keep cells at 37 °C during the whole experiment. The samples were
excited with four different lasers (405, 488, 561 and 637 nm lasers) and
the emitted fluorescence was collected by the filter wheel (450/50 nm,
525/50 nm, 620/50 nm and 725/40 nm) with appropriate combinations
of them. Images were taken with different magnification objectives
(20X, 100X). All the images were processed with ImageJ®.

4.7. Cas9/gRNA intracellular delivery

293-T-HEK-dEGFP cells were seeded in 96-well plate at a density of
18,000 cells per well in 0.1 mL of cDMEM. After 24 h, cells were washed
with PBS and the medium was replaced with freshly prepared 0.01 mL of
FCSM@Cas9-gRNA in 0.09 mL of cDMEM. Experiments were performed
by exposing the cells to Cas9-gRNA dispersions at a ratio of 50 ng:10 ng
(Cas9:gRNA) per well. After 12 h, cells were washed with PBS, and the
medium was replaced with freshly complete DMEM. Then 36 h after,
cells were washed with PBS and were harvested after trypsinization for
2 min with 0.03 mL 0.25 % Trypsin-EDTA. 0.12 mL of PBS was added to
each well to dilute Trypsin-EDTA concentration. Cell fluorescence in-
tensity was measured using a Guava Millipore flow cytometer.
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