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Background: Despite many advances in gene therapy, the delivery of small interfering RNAs is still challenging. Erythrocytes are the
most abundant cells in the human body, and their membrane possesses unique features. From them, erythrocytes membrane vesicles
can be generated, employable as nano drug delivery system with prolonged blood residence and high biocompatibility.

Methods: Human erythrocyte ghosts were extruded in the presence of siRNA, and the objects were termed EM Vs (erythrocyte membrane
vesicles). An ultracentrifugation-based method was applied to select only the densest EM Vs, ie, those containing siRNA. We evaluated their
activity in vitro in B16F10 cells expressing fluorescent tdTomato and in vivo in B16F10 tumor-bearing mice after a single injection.
Results: The EMVs had a negative zeta potential, a particle size of 170 nm and excellent colloidal stability after one month of storage.
With 0.3 nM siRNA, more than 75% gene knockdown was achieved in vitro, and 80% was achieved in vivo, at 2 days PI at 2.5 mg/kg.
EMVs mostly accumulate around blood vessels in the lungs, brain and tumor. tdTomato fluorescence steadily decreased in tumor areas
with higher EMVs concentration, which indicates efficient gene knockdown. Approximately 2% of the initial dose of EMVs was still
present in the plasma after 2 days.

Conclusion: The entire production process of the purified siRNA-EMVs took approximately 4 hours. The erythrocyte marker CD47
offered protection against macrophage recognition in the spleen and in the blood. The excellent biocompatibility and pharmacokinetic
properties of these materials make them promising platforms for future improvements, ie, active targeting and codelivery with
conventional chemotherapeutics.
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Introduction
Red blood cells (RBCs) are the most abundant cells in the human body.! From a pharmaceutical point of view, they have
been overlooked for a long time, being considered merely hemoglobin carriers, until “nanorevolution” alighted new
interest in biomimetic nanocarriers. They can be harvested from the patient’s body, suitably treated,” and reinjected,
thereby obtaining an allergy-free drug carrier that can persist in the blood flow for several weeks. They, and their
derivatives, fall within the ever-growing category of biomimetic carriers.**

As 0of 2023, the full proteome of red blood cells® and their membrane-derived vesicles® and full transcriptome’ have been
intensely characterized. Moreover, the RBC membrane, and its underlying cytoskeleton, is a unique scaffold with interesting

rheological and biological properties: extreme deformability® combined with good mechanical resistance to shear force;” the
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RBC membrane also possesses the CD47 marker, colloquially known as the “don’t eat me” marker for macrophage
recognition,'® which, in aging RBCs, is instead triggered by phosphatidylserine exposure on the outer leaflet.'" CD47,
which is also present on naturally released extracellular vesicles [10,11], enables RBC-derived carriers to achieve long blood
circulation times and systemic activity. RBCs have also rarely been used as therapeutic nucleic acid carriers." Since the
discovery of RNA interference,'? the research and development of therapeutic RNAs have become a new challenge in
personalized molecular medicine, despite only a handful of drugs being approved by the European Medicine Agency and the
Federal Drug Agency.'? Indeed, as of 2022, five siRNA drugs have been approved by the US FDA, and, later, by EMA: the
already mentioned Patisiran (Onpattro), Givosiran (Givlaari), Lumasiran (Oxlumo), Inclisiran (Leqvio), and Vutrisiran
(Amvutta), all directed to the liver. Nanomedicine runs in strict correlation with personalized medicine, with the number of
papers concerning small interfering RNA delivery skyrocketing in the last fifteen years and with more than 20,000 papers in
2022 about siRNA delivery (data from'*). Furthermore, the discovery of extracellular vesicles (EVs)'? as naturally occurring
microinterfering RNA carriers fueled research on lipidic, biomimetic, neutral delivery systems for therapeutic nucleic acids
(TNAs) as safe replacements for cationic lipofection. Unfortunately, the route for the clinical translation of EVs as small
interfering RNA carriers is challenging and steep because of their difficult recovery, purification, low encapsulation efficiency
and presence of off-target miRNAs.'® On the other hand, red blood cells are a large source of EVs.'” Therefore, the advantages
of using RBC as starting material for a nanocarriers, compared with synthetic alternatives, are numerous: lack of recognition
from phagocytic cells due to the presence of CD47 co-receptor; presence, in the membrane proteome, of the protein machinery

for membrane fusion/cell uptake typical of EVs, but without the collection and purification hurdles;®'®

the possibility of using
patient’s own blood, as it happened for a some approved formulations that uses red blood cells as carriers;"'? the presence of
an RNAse inhibitor, that allows for long-term storage of ribonucleic TNA;***' the negative surface charge, due to red blood
cell sialic acid glycocalyx, reduces the interaction with plasma protein, prolonging circulation time, tuning the composition
and abundance of protein corona components.”*** For an enhanced targeting and a specific tissue-tropism, red blood cell
surface modification has been extensively characterized and successfully achieved, both via “hitchhiking”, due to electrostatic
interactions in the glycocalyx, and via covalent coupling: the reader can then refer to the following review.** Furthermore, they
share the advantages of other “neutral” TNA carriers, such as liposomes and micelles: the lack of cationic charges, typical of
polymers and dendrimers such as PEI*> and PAMAM,?** notoriously eliciting apoptotic cascades.?® *°

In the present work, we used red blood cells as the starting material for a neutral therapeutic nucleic acid (TNA)
delivery system, which we named erythrocyte membrane vesicles (EMVs). Our TNA of choice is a siRNA because of its
compactness and well-established clinical applications.”’ Nevertheless, siRNA are double-stranded RNA molecules,
behaving as PAMPS within macrophages (pathogen-associated molecular pattern), being recognized by toll-like receptor
3.! SiRNAs are capable of activating multiple immune system pathways, including interferon 1 cascade, composed of
roughly 2000 genes; finally, a mitochondrial apoptosis is initiated via dsSRNA dependent caspase-binding domains in
important RNA helicases and transducers such as MDA5 and RIG-1.*? Lastly, siRNA has a very short residency time in
plasma, being rapidly cleared away by kidney filtration.*® For its innate cytotoxicity and brief permanence in blood,
encapsulation of siRNAs within nanodrugs is advisable and a thriving field of study.**

As a proof-of-concept, we loaded an anti-tdTomato siRNA into EM Vs obtained via sonication and extrusion of red blood cell
membranes. tdTomato (tandem-dimer Tomato) is an orange-emitting fluorescent protein, derived from coral Discosoma sp.*
Despite being used as a coating material,*®>* this is the first report of an erythrocyte membrane being used as a liposomal-like
formulation, reduced to object of 100200 nm, for a TNA delivery, that does not involve any other nanoparticle actor ie a core
shell structure, where the TNA is embedded within the core and the red blood cell membrane acts as a camouflaging material. We
characterized the interactions of the payload and erythrocyte membranes via superresolution fluorescence microscopy and cryo-
and freeze-fracture TEM. We greatly optimized the purification strategy, reaching 67% encapsulation efficiency, and were able to
select and use only the carriers containing the TNA for transfection, removing the unloaded and unprotected molecules, together
with cell debris not shaped into EMVs. Moreover, we optimized a long-term freeze—drying storage strategy. EMVs have been
proven to be a successful, inexpensive, and safe delivery system for siRNAs both in vitro and in vivo as demonstrated in
a tdTomato-expressing murine melanoma cell line in vitro and in a subcutaneous murine tumor model in vivo, with excellent
pharmacokinetic properties. At low doses, they elicited significant knockdown of target genes as early as 24 hours postinjection,
whereas EMVs were still present in the blood circulation two days postinjection. Despite relying solely on passive targeting,
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more than 15% of the injected dose was present in the tumor tissue at 48 hours postinjection, effectively silencing the target gene
in the proximity of major and minor blood vessels. Moreover, the mean circulation time of EMVs exceeds 45 times that of
a naked, unmodified siRNA,*>** and their main clearance route is via renal filtration with low liver accumulation.

Materials and Methods

Materials and Chemicals

Red blood cells were obtained from the Blood Transfusion Centre of Slovenia (Ethical approval number 0120-592/2020/7),
which belong to two young anonymous males, A RhD+ blood type, supplemented with CPD-SAGM preservative, 70% v/v
hematocrit, accounting for 4410° RBCs/mL, and stored in 1 mL aliquots at —80°C without additional cryopreservatives. For
EMVs preparation, we used phosphate-buffered saline tablets obtained from Sigma Aldrich (P4417) in diethyl-pyrocarbonate-
treated Milli-Q water. Trisodium citrate dihydrate, RNase A (catalog number 10109142001) and Amicon centrifugal devices (30,
10 and 4 kDa NMWL, EMD Millipore), as well as fluorescent dyes (CM-Dil, C7000, and Vybrant DiO, V22886), were
purchased from Sigma Aldrich. For the Stewart assay, ferric chloric hexahydrate (F2877) and ammonium thiocyanate (A7149)
were purchased from Sigma Aldrich, whereas the heart lipid extract (171201), which was used as a standard, was obtained from
Avanti Polar lipids. The Bradford reagent was prepared according to the traditional recipe*' (Coomassie Brilliant Blue R-250,
B7920, ethanol and phosphoric acid were obtained from Sigma Aldrich), and bovine serum albumin (A9418, Sigma Aldrich) at
a stock concentration of 1 mg/mL was used as a standard. The polycarbonate extrusion membranes were 19 mm wide, 800 nm
wide (610009), and 200 nm wide (610006), and the support filters (610014) were all purchased from Avanti Polar and installed
on an Avanti Polar mini extruder. Anti-TdTomato-siRNA was purchased from Thermo Fisher as a duplex oligo with the
following sequence: 5’rGrCrC rArCrC rArCrC rUrGrU rUrCrC rUrGrU rATT- 3'; 3'tUrArC rArGrG rArArC rArGrG rUrGrG
rUrGrG rCGG-5'; “r” stands for ribonucleotide to distinguish it from DNA overhangs), whereas Cy-5 siRNA was later obtained
from Integrated DNA Technologies (USA). All the labware, including tips and Falcon and Eppendorf tubes, was RNAse/
pyrogenase free, and the buffers were DEPC-treated. Advanced Dulbecco’s modified MEM (ADMEM), Advanced Roswell Park
Memorial Institute 1640 medium (RPMI-1640), and MCDB 131 media were purchased from Gibco (Thermo Fisher Scientific,
VA, US), and FGM™-2 Fibroblast Growth Medium-2 BulletKit™ was purchased from Lonza (Basel, CH). All media except
FGM™-2 were supplemented with GlutaMAX (100x, Gibco) and penicillin—streptomycin (100x, Sigma—Aldrich, Merck,
Darmstadt, Germany). ADMEM and ARPMI were supplemented with 5% fetal bovine serum (FBS; Gibco). MCDB 131 was
supplemented with 10% FBS (Gibco), 10 ng/mL epidermal growth factor (EGF; Gibco), 1 pg/mL hydrocortisone (Sigma—
Aldrich) and 10 mm glutamine (GlutaMAX; Gibco). The MycoAlertTM PLUS Mycoplasma Detection Kit was purchased from
Lonza (Basel, CH). The B16F10 (CRL-6475), CT26 (CRL-2638), 4T1 (CRL-2539), and Hulec-5a (CRL-3244) cell lines were
purchased from ATCC (VA, US), the NHLF cell line was purchased from Lonza (Basel, CH), and the B16F10-tdTomato line was
a kind gift from Dr. Muriel Golzio (The Institute of Pharmacology and Structural Biology, IPBS-Toulouse). The cells were grown
in a humidified 5% CO, atmosphere at 37°C in a cell culture incubator. The Presto Blue reagent (A13261) and Hoechst 33342
solution (62249) were purchased from Thermo Fisher Scientific, and the MemBrite® Fix 488/515 Cell Surface Staining Kit from
Biotium (#30093-T, Fremont, CA, USA) were used.

Preparation of Erythrocyte Membrane Vesicles

Erythrocytes were depleted of hemoglobin via the hypotonic lysis method.** The cells were incubated overnight with 40 mL/
each mL of erythrocytes at 4°C, as first established by,* and later centrifuged at 11,000 rpm with a benchtop Minispin Eppendorf
centrifuge. The pellet was washed four times to allow hemoglobin release. One milliliter of original red blood cell suspension was
finally diluted four times in buffer containing siRNA at a suitable concentration, incubated at 37°C under gentle shaking,
sonicated with an ultrasonic processor for 10 seconds (Sonics Vibra cell VC-505; pulses: 1 s on, 1 s off; 20% amplitude) for 10s,
and subsequently extruded at 37°C with an Avanti Polar mini extruder, which was previously thoroughly rinsed with DEPC water
via an 800 nm membrane 5 times and a 200 nm membrane 20 times. The final suspension was stored at 4°C.

Protein and Lipid Quantification

A Bradford assay was used to evaluate the protein concentration, with bovine serum albumin used as a standard. The

41

Bradford reagent was prepared according to previous methods,” and the assay-to-sample ratio was 30:1 v/v. All
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measurements were performed in triplicate. The absorbances at 450 and 595 nm were recorded, and a calibration curve
was built from their ratio. A Stewart assay was used to quantify the phospholipid content,** with heart lipid extract
(Avanti Polar) used as a standard reference.

Selection of the Best Purification Method

First, for size exclusion chromatography, siRNA-EMVs were loaded into a PD10 G25 Sephadex column (GE Healthcare)
as reported elsewhere for similar purposes;** the sample was recovered after the addition of 5-6 mL of 1x PBS (Figure 1).
Second, Amicon 30 kDa centrifugal units were used: 500 uL of the sample was loaded into a 0.5 mL tube and centrifuged at
13,000 rpm for 5 minutes. Subsequently, the retentate and eluate were redispersed in the original volume and used for RNA
quantification. Third, we tested common ultracentrifugation-based purification techniques for siRNA recovery and EMVs
integrity (details in the), ie, a sucrose gradient, regular ultracentrifugation, and density-changing centrifugation.*¢

Density Changing Ultracentrifugation

Density changing centrifugation (DCC) has proven to be the best and easiest method for obtaining high concentrations of
siRNA-loaded EMVs, and it is described in detail here. To select only loaded EMVs and to separate correctly shaped
ones from protein aggregates and unloaded siRNA, we adapted an easy purification protocol by.*® Ultracentrifuge tubes
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Figure | (a) Overview of the protocol used for the preparation of DCC-siRNA-EMVs. (b) Size (nm) and RNA concentration (ug/mL) after ultracentrifugation. The data
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(3 mL, Beckman Coulter Life Sciences, catalog number 355635) were filled with 2 mL of 10% (m/v) trisodium citrate
(TC) dissolved in PBS, and the sample to be separated was gently pipetted on top. This allows selection on the basis of
the mixed effects of changed solubility and density rather than time-consuming sucrose gradient ultracentrifugation.
Heavier and denser EMVs will be found in the upper layer of the tube with decreasing siRNA concentration while
approaching the bottom, where protein and other cellular debris, together with unloaded siRNA, will be pelleted. The
tubes were centrifuged in a Beckman Coulter Optima XPN-90 ultracentrifuge equipped with an SW 60 Ti swinging-
bucket rotor for 40 minutes at 4°C and 100.000 x g (27.200 rpm). Eight 0.25 mL fractions were then collected and
subjected to analysis. The six top fractions were determined to contain siRNA via a Quantifluor RNA assay (see next
section). The TC was removed with an Amicon centrifugal device, 10 kDa NMWL (EMD Millipore, UFC8010). Finally,
the DCC-siRNA-EMVs were resuspended in PBS and stored at 4°C until further use.

Encapsulation Efficiency Determination
On the basis of at least three replicates, the siRNA concentration was determined for every collected fraction via the
following formula:

(ug of encapsulated siRNA)

EE% =
’ yug of added siRNA

x 100

A Quantifluor RNA system (Promega) and a Quantus spectrophotometer were used to evaluate the RNA concentration
according to the manufacturer’s specifications.

Particle Size and Zeta Potential Determination

The hydrodynamic diameter, polydispersity index (PDI), and zeta potential of the empty and siRNA-containing EMVs
were determined via a zeta potential and particle size analyzer Litesizer (Anton Paar, Austria) equipped with a built-in
volume-weighted algorithm in proprietary software (Kalliope). Omega cuvettes were used for both analyses. The
backscattering angle (175°) was used for EMVs particle size determination.

Encapsulation Stability

Amicon 0.5 mL 30 NMWL devices were used to quantify spontanecous RNA leakage from EMVs after siRNA encapsulation.
Two hundred microliters of each sample was loaded in the centrifugal device and centrifuged at 13,500 rpm on a Minispin
Eppendorf tabletop centrifuge for 10 minutes until it was reduced to a final volume of 60 pL. The eluate was resuspended to the
initial volume with PBS and used for RNA quantification. Between measurements, the samples were kept at 4°C.

RNase A Stability Assay

To evaluate the nuclease resistance of EM Vs, three different concentrations of RNAse A (50, 5, and 0.5 pg/mL) were tested on
naked RNA, followed by centrifugation of EMVs and ultracentrifugation of EMVs for 24 and 2 hours, with two independent
preparations. After incubation at 37°C for the desired amount of time, the samples were run on a 2% agarose gel, and the same
amount of siRNA in each well was carefully pipetted to avoid dilution bias. In accordance with the manufacturer’s procedures,
the gels were subsequently stained with SYBR Gold stain and visualized in a transilluminator.

Ultrastructure Characterization
CryoTEM

Four kinds of samples were analyzed:

Empty EMVs not subjected to density-changing centrifugation (DCC)
Empty EMVs, DCC

Loaded EMVs with 10 ng/mL siRNA, not subjected to DCC
LoadedEMVs with 10 pg/mL siRNA, not subjected to DCC
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Two hundred microliters of each typology were used as the starting material, and a 3x concentrated sample of each
centrifuged sample was obtained. The samples for cryoTEM were prepared via Vitrobot Mark IV (Thermo Fischer
Scientific, Waltham, MA, USA). Quantifoil® R 2/2, 200 mesh holey carbon grids (Quantifoil Micro Tools GmbH,
GroBlobichau, Germany) were glow-discharged for 60s at 20 mA and positive polarity in an air atmosphere (GloQube®
Plus, Quorum, Laughton, UK). Vitrobot conditions were set to 4°C, 95% relative humidity, a Blot time of 6 s and a Blot
force of 2. Three microliters of the suspension were applied to the grid, blotted, and vitrified in liquid ethane. The
samples were visualized with a 200 kV Glacios microscope (Thermo Fischer Scientific, Waltham, MA, USA).
Micrographs were analyzed for size distribution via Imagel software and GraphPad 9.0 for statistical analysis. Size
analysis was performed on n>6 20.000x micrographs.

Freeze-Fracturing EM

The same set of samples analyzed with cryoTEM was also used for freeze-fracturing EM. Suspensions of EMVs were
mixed 1:1 with 60% glycerol and incubated for 30 minutes at 4°C. Using a pipette, 1.5 pL. samples were transferred to
gold-stub well-type carriers and frozen in a LN,-cooled freezer. The frozen samples were immediately transferred to
a freeze-fracture device (BALZERS, BAF200), fractured (knife temperature of —150°C), shadowed with carbon-platinum
(nominal angle of 45°) and further strengthened with carbon (nominal angle of 90°). The obtained replicas were cleaned
overnight in a sodium hypochlorite solution, subsequently collected on copper microscopic grids and examined with
a CM100 transmission electron microscope (Philips, Netherlands) running at 80 kV.

Negative Staining Conventional Transmission Electron Microscopy

EMYV suspensions were fixed for 30 minutes in 1:1 2.5% glutaraldehyde cacodylate buffer (pH 7.3, 0.008 M) to match
the osmolarity of the PBS solution. Briefly, 5 pL of suspension was placed on Formvar-coated copper grids (150 mesh,
TEMFCF150CUS50, Sigma Aldrich) for 10 minutes, and excess liquid was gently removed with Whatman filter paper.
The grids were briefly washed with Milli-Q water by placing them on drops, and the excess liquid was removed. Finally,
the grids were placed over a drop of UA-zero negative stain (Alpha Aesar) for 45 seconds and subsequently air-dried.
Sample grids were examined with a JEOL JEM-2100 instrument operating at an accelerating voltage of 200 kV. The
samples were imaged at 20,000x to 40,000x magnification.

Superresolution Fluorescence Microscopy

DCC-siRNA-EMVs and siRNA-EMVs were imaged on a superresolution confocal microscope*’ equipped with a STED
laser. Glass slides and coverslips were first coated with 0.1% polylysine (P8920, Sigma Aldrich) by gently dipping them
in the solution, followed by a brief wash with 1x PBS. Finally, 20-50 uL of CM-Dil-labeled Cy5-siRNA-EMVs were
spread on the slide surface with a coverslip and subsequently sealed with nail polish. The slides were imaged a maximum
of two hours after mounting. Imaging of the samples was performed on an Olympus IX83 microscope with a 60 x water-
immersion objective (NA 1.2), custom-upgraded by Abberior Instruments with 561 nm and 640 nm excitation lasers
(120 ps pulse length, 50 pW mean power), a 775 nm STED laser (1.2 ns pulse length, 170 mW mean power), and two
avalanche photodiodes for fluorescence detection in the ranges of 580—-625 nm and 655—720 nm, as defined by prefilters
and a dichroic. All imaging was performed at an 80 MHz frequency with a 1.1 A.U. pinhole. To compare the resolution
between confocal and STED microscopy, a field of view of 5 pm x 5 pym was imaged with a 33 nm pixel size. The dwell
time was 10 ps for confocal microscopy and 30 ps for STED microscopy, and the pinhole size was 0.6 AU. Other
parameters (gating and laser powers) were tuned for each probe separately to achieve the best possible resolution.
Superimposition of the Cy-5 and Dil signals was performed via the Colocalization Finder ImageJ plugin.

In Vitro Assays
Cytotoxicity Assay
For the in vitro cytotoxicity assay, 1000 cells/well in 100 pL of appropriate cell culture medium for each cell line were
seeded in a 96-well plate (VWR, PA, US) and allowed to grow overnight. The next day, the medium was exchanged with
medium containing 4.5 pg/mL. EMVs protein and incubated for 72 h. Then, 10 pL/well Presto Blue reagent (A13261,
Thermo Fisher Scientific) was added to the cells, which were incubated at 37°C for an hour when the emitted
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fluorescence was read with a Cytation 1 system (BioTek Instruments, VT, USA). The measured fluorescence intensity
was then normalized to that of the control group without the EMVs.

In Vitro Internalization Assay

The cells were seeded in 12-well chamber slides (#81201, iBidi, Germany) in 100 pL of appropriate cell culture medium
for each cell line. The next day, the media was changed to 100 puL of appropriate media for each cell line containing 0.7
nmol of Cy-5 siRNA loaded in DCC-EMVs. At 24, 48 and 72 h after incubation, the cells were washed with 1x HBSS
and stained with the MemBrite® Fix 488/515 Cell Surface Staining Kit (Biotium) following the manufacturer’s
instructions. Briefly, the cells were incubated for 5 min at 37°C in 100 pL/well of presoliding solution, followed by
a 10 min incubation at 37°C with 100 pL/well of MemBrite® Fix 488/515 stain. The cells were then washed twice with
Ix HBSS and fixed with 4% PFA (#12606, Cell Signaling Technology, Massachusetts, USA) for 15 min at 37°C.
Afterwards, the cells were washed twice with PBS for 5 min and stained with 3 pg/mL Hoechst solution (Hoechst 33342,
Thermo Fisher Scientific) in PBS for 15 min at RT to label the nuclei. The cells were subsequently washed twice with
PBS at RT for 5 min, the silicon wells were removed, and the slides were mounted in Prolong Glass Antifade Mount
(Thermo Fisher Scientific) for 24 h at RT and then sealed with nail polish. Imaging was performed with an LSM 800
confocal microscope (Carl Zeiss, Oberkochen, Germany) with a 20x objective (NA 0,8). Hoechst 33342, Alexa Fluor
488, CM-Dil and Cy-5 dyes were excited with lasers with excitation wavelengths of 405, 488, 561 and 640 nm,
respectively. The emitted light was collected sequentially with a Gallium Arsenide Phosphide (GaAsP) detector via
a variable dichroic and filtered at the following wavelengths: 410-545 nm (Hoechst 33342), 488-545 nm (Alexa Fluor
488), 565-620 nm (CM-Dil), and 645-700 nm (Cy-5).

Protease Activity Determination

A Pierce colorimetric protease assay (Thermo Scientific, 23263) was used according to the manufacturer’s instructions to
evaluate the hypothetical protease activity of the RBCs. While the trypsin positive control assay was carried out at pH 8,
RBC ghosts and DCC-EMVs were assayed at pH 3 at a known concentration of proteins. The final absorbance was read
at 450 nm and normalized to the intrinsic absorbance of the sample. The data were further processed in GraphPad 9.0.

Evaluation of RNA Interference Ability in Vitro

DCC-siRNA-EMVs were mixed 1:1 with Optimem medium (#31985070, Thermo Fisher Scientific), and the volume corre-
sponding to 30 picomoles of siRNA/well was added to B16F10-TdTomato cells. The empty control volumes used were subjected
to density-changing centrifugation as well and calibrated according to protein content to add the same amount of EM Vs to the cell
culture. The experiment was carried out on a 24-well culture plate, in which 50,000 cells/well were seeded the day before
transfection. After 48 hours, total RNA extraction was carried out with a VWR RNA Gold kit, and the relative amount of RNA
was quantified with an Agilent Cytation 5 with a Take3 plate for nucleic acid quantification. Retrotranscription (Nippon Genetics,
Scriptase II, LS563) was carried out according to the manufacturer’s specifications. Tdtomato mRNA silencing was evaluated via
RT-PCR (Table 1 for primer sequence), with n = 6 replicates each of a final volume of 20 pL, on Eppendorf Twin Tec 96-well
plates. Beta-actin was used as a calibrator. The delta-delta CT method was used to calculate the relative expression of the
Tdtomato gene. The GraphPad 9 built-in ROUT algorithm for outlier recognition was used to clean the Ct data.

Table | RT—qPCR Primer Sequences

Primer Sequence

Tdtomato- Forward | 5'-GACAACAACATGGCCGTC-3'
Tdtomato-Reverse 5-GGTCTGGGTGCCCTCGTA-3'
p-actin-Forward 5'- GAAGTGTGACGTTGACATCC -3’
p-actin — Reverse 5'- ACTCATCGTACTCCTGCTTG -3’
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Freeze-Drying Optimization

To optimize long-term storage stability, EMVs were freeze dried in the presence of different cryoprotectants, their RNA
retention, particle size, and Z-potential were measured, and their ultrastructures were evaluated via conventional
transmission electron microscopy (TEM). To maintain the osmolarity between the inner section of the EMVs and the
outer buffer, 0.83X diluted PBS was used when 5% disaccharides (ie, sucrose and trehalose) were present. PVP-40
(polyvinyl-pyrrolidone average molecular weight of 40.000 Da) was also tested as a cryoprotectant at a 2.5% w/v
concentration and was not considered to influence the osmolarity balance. For each formulation, at least three replicates
were prepared. Lyophilization was carried out in a Martin Christ freeze drier for 24 hours, and the chamber temperature
was approximately —20°C. Every replicate sample was weighed, and the samples were stored at room temperature for
one month. For comparison, the samples were stored at 4°C without any additives.

CM-Dil/Vybrant DiO Labeling of EMVs

CM-Dil (550/564 ex/em), a highly lipophilic dye, inserts spontaneously in double layers. It was found to optimally stain
erythrocyte ghost membranes at a 1 uM concentration. The ghosts were incubated with the dye according to the
manufacturer’s recommendations. Briefly, the suspension was first incubated at 37°C under vigorous shaking for
15 minutes and then for another 15 minutes at 4°C. Afterwards, the suspension was pelletized, and the supernatant,
containing the excess dye, was removed. The same procedure was applied for Vybrant DiO (483/501 ex/em) labeling.

In Vivo Experiments

Injection and Biodistribution of Fluorescently Labeled DCC-siRNA-EMVs

All experiments were approved by the Ministry of Agriculture, Forestry and Food of the Republic of Slovenia (permission
no. U34401-35/2020/8). Up to six mice were housed per cage in specific pathogen-free conditions in an IVC rack system
(Animal Care Systems Inc., Revere Parkway, USA) with a 12 h light—dark cycle, food and water ad libitum, and cage
enrichment (VWR). Female 6—8-week-old C57BL/6NCrl mice (Charles River, Lecco, Italy) were used in the experiments.
Tumors were induced by subcutaneously injecting 3x10° B16F10-tdTomato cells in 100 uL of 0.9% NaCl into the right
flank of each mouse. The tumor volume was determined by measuring the tumor volume with a digital caliper and
calculating the tumor volume via the formula for ellipsoid (V =a x b x ¢ x /6, where a, b, and ¢ are perpendicular tumor
diameters). Animal weight was monitored three times a week as a sign of well-being. When the tumors reached a volume of
50-60 mm®* Vybrant-DiO-labeled DCC-siRNA-EMV's containing Cy5-labeled anti-tdTomato siRNA were injected via the
caudal vein into each mouse. A total of 30 ug of Cy5-siRNA (1.5 mg/kg weight) was administered to each mouse in 100 pL
of 1x PBS. The mice were randomly divided into four groups: the control group (n=4), 2 hours after injection (n=5),
24 hours after injection (n=5) and 48 hours after injection (n=5). At 10 min after EMV injection, 100-200 puL of blood was
collected from the retro-orbital plexus of the mouse eye, and whole blood was obtained immediately before sacrifice. The
plasma was immediately separated from the whole blood via BD Microtainer SST Blood Collection Tubes (Beckton
Dickinson). For quantification, the mice were assumed to have 1.65 mL of blood in total on the basis of their weight. The
samples were stored at —80°C until further use. At the time of mouse sacrifice, the spleen, lungs, brain, kidneys, tumor, heart
and liver were collected and weighed, and one half of each organ was flash frozen and processed for RNA extraction by
homogenizing the organ in liquid nitrogen with a mortar and pestle. The resulting powder was collected and stored at —80°C
until further use. The other half of each organ/tumor was fixed in 4% paraformaldehyde (PFA, Thermo Fisher Scientific)
overnight at 4°C and dehydrated in 30% sucrose overnight at 4°C before being embedded in Tissue-Tek O.C.T. compound
(Sakura Finetek, VWR) and stored at —80°C for further use.

Biodistribution and Pharmacokinetics via stem—loop PCR

RNA extraction was performed with a mirVANA MagMax kit (Thermo Fisher, A27828) from 10-15 mg of fine tissue
powder and a total of 100 pL of plasma from each mouse, and a total of 5 ng was used for reverse transcription with
a TagMan MicroRNA Reverse Transcription Kit (Thermo Fisher, 4366596) with custom primers against anti-TdTomato
siRNA (TagMan Small Assay, Applied Biosystems, 4440418). A total of 1.33 pL of cDNA was used in each stem—loop
gPCR. Thermal cycling was performed according to the manufacturer’s specifications. The amount of anti-TdTomato
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siRNA guide strand in plasma and tissues was subsequently quantified via TagMan real-time PCR with the help of
a siRNA calibration curve (the procedure is described below). All samples were run in triplicate, and a nontemplate well
was added to every reaction.

For standard curve generation, the following procedure was carried out. Five nanograms of both Cy5-siRNA and
unlabeled siRNA were used as templates for reverse transcription from a stock of 1000 ng/mL, and then, serial dilutions
of its cDNA were used in qPCR to generate a standard curve. For tissue quantification, values in nanograms obtained
from the standard curve were divided for the qPCR, reverse transcription, and RNA extraction dilution factors and
multiplied by the original amount of total RNA obtained from RNA extraction.

ng of duplex

- = ng in PCR reaction
grams of processed tissue

RNA stock concentration

X ; ;
DF:pna—gpcr X DFpyustock—cona X Elution volume x amount of processed tissue(g)

Noncompartmental analysis of pharmacokinetic parameters relative to those of plasma was performed via
PKSolver Excel add-in,*® with linear uplog down settings. All pharmacokinetic parameters refer to the terminal
half-life of the siRNA.

Tissue Sample Preparation for Fluorescence Microscopy

From OCT-embedded tissues, 14 um thick sections were cut on a Leica CM 1850 cryostat and collected on SuperFrost Plus
slides (Epredia, Netherlands, J7800AMNZ), with a final n=3 sections on each slide. The slides were stored at —20°C until
further use. Later, the nuclei were stained with 3 pg/mL Hoechst 33342 nuclear stain, the sections were mounted with ProLong
Glass Antifade Mountant (Thermo Fisher, P36982), and the cover slip (#1.5) was sealed with transparent nail polish. The
slides were subsequently imaged on an Axio Observer 7 equipped with a Colibri 7 LED light source (UV (385 nm), Violet
(430 nm), Blue (475 nm), Green (555 nm), Yellow (590 nm), Red (630 nm), Far Red (735 nm) and a Hamamatsu Orca Flash
4.0 V3 camera. Emitted light was imaged through the following filters: Filter set 38 hE eGFP shift free (Zeiss), Filter set 43 hE
Cy 3 shift free (Zeiss), Filter set 50 Cy 5 shift free (Zeiss) and Filter Set 112 hE LED (Zeiss).

Evaluation of RNA Interference Ability in Vivo

For the in vivo silencing experiment, B16F10 tumor-bearing mice were divided into three experimental groups and
injected with 1) 100 pL of PBS; 2) 100 puL of naked anti-TdTomato siRNA, for a total of 2.5 mg/kg body weight; or 3)
100 uL of DCC-siRNA-EMVs, for a total of 2.5 mg/kg body weight, as indicated by the siRNA content. After 48 hours,
the mice were sacrificed, and the tumors were excised, flash-frozen in liquid nitrogen and ground to a fine powder with
a mortar and pestle. RNA extraction was carried out with a mirVANA MagMax kit (Thermo Fisher) from 10-15 mg of
fine tissue powder. TdTomato gene knockdown was quantified similarly to that in vitro, and the presence of the guide
strand of anti-TdTomato siRNA was assayed as described in the previous sections. Images of tdTomato-fluorescent
B16F10 tumors were taken at the beginning of the experiment (t=0), at 24 hours and at 48 hours with a SteREO Lumar.
A V12 fluorescence microscope (ZEISS, Jena, Germany) was used. The mean fluorescence intensity of the tdTomato
protein in tumors was quantified with ImageJ, the appropriate region of interest (ROI) area was selected, and the Yen
threshold algorithm®® was used to minimize disturbance by mouse hair. For tdTomato MFI quantification in frozen
sections, with n = 5 for each mouse, images of the tdTomato channel were taken with a 20x objective. Images were
subjected to the above-described process via the Huang thresholding algorithm.

Ex Vivo Red Blood Cell and DCC-siRNA-EMV Incubation With Inverted Confocal Microscopy

DCC-EMVs were prepared as previously described, with DiO-labeled ghosts, and their final protein concentration was
0.54 mg/mL. The mice were anesthetized via isoflurane inhalation, and blood was collected via cardiac puncture in 3.2%
sodium citrate, after which the mice were sacrificed. The collected blood was then centrifuged at 100 x g for 10 min at
RT and washed twice in 1x PBS. The washed red blood cells (RBCs) were counted via a CytoSMART cell counter
(AXION Biosystems) and resuspended in RPMI medium containing GlutaMAX (Gibco, Thermo Fisher Scientific, VA,
US) and penicillin/streptomycin at a concentration of 1x106 RBCs/mL. The cell culture medium did not contain fetal
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bovine serum. The erythrocytes were labeled with Vybrant-DiD according to the manufacturer’s instructions with a final
dye concentration of 5 uM (Invitrogen, Thermo Fisher Scientific, VA, US). Subsequently, 100 pL of the prepared RBCs
were transferred to 96-well plates (96-well plates .CLEAR®, BLACK, Greiner), mixed with 10 pL. of DCC-EMVs and
incubated at 37°C in a humidified incubator at 5% CO2 for 24 or 48 h. The interaction between mouse RBCs and EMVs
was observed via inverted confocal laser scanning microscopy (CLSM, Axio Observer Z1 LSM 710, ZEISS, Germany)
with a Plan-Apochromat 63x/1.40 Oil DIC M27 objective. The two dyes CM-DiO and Vybrant-DiD were excited
simultaneously with argon (488 nm) and helium—neon (633 nm) lasers, and the emitted light was collected through
emission bandpass filters set.

Statistical Analysis

All the statistical analyses were performed via GraphPad 9, with p<0.05 *p<0.01 **p < 0.001 ***p < 0.0001 ****_ For
cryo-TEM EMV size, postfreeze drying siRNA retention and EV size, QRT-PCR fold changes (in vitro and in vitro), and
in vivo tumor tdTomato MFI variation, a normality test was carried out. A parametric (two- or one-way ANOVA) or
nonparametric (Kruskal-Wallis) test was chosen to test the statistical significance of the results. In instances where
multiple comparisons testing was needed, the Tukey’s test for multiple comparisons was utilized. Where present), the
data were logl0 transformed to highlight the differences.

Results

Comparison of Different Techniques for Removing Unencapsulated siRNA

EMVs were prepared via the hypotonic lysis method* and then loaded with siRNA via incubation, sonication and extrusion
steps. Before any purification, the vesicles had a median particle size of 192 nm (Table 2). To establish actual encapsulation

efficiency and remove unloaded siRNA, five different methods were tested (Supplementary Material for protocols), ie, sucrose

gradient, regular ultracentrifugation, and density-changing centrifugation.*® The final apparent encapsulation efficiency, an

estimate of the required time and most significant drawbacks are shown in Table 3.

Table 2 Particle Size Distributions of Different Preparations of EMVs After Freeze Drying and
Cryoprotectant Removal. In Light Gray, Empty EMVs; in White and Dark Gray, Noncentrifuged
siRNA-EMVs and DCC-siRNA-EMVs, Respectively

Sample Median Particle PDI Significance Against
Size (nm) Initial Sample

Empty Before FD 173 £5 0.253 + 0.013

Sucrose 50 mm 190 £ 10 0.277 £+ 0.007 ns

Trehalose 50 mm 163 + 8 0.259 £ 0.010 ns

PVP40 Sucrose 281 + 45 0.340 + 0.004 Fofois?

PVP40 Trehalose 265 + 2 0.363 + 0.004 Fotte?
siRNA-EMVs Before FD 192 +7 0.245 + 0.012

Sucrose 50 mm 200 + 4 0.253 £ 0.014 ns

Trehalose 50 mm 205+ 3 0.216 £ 0.010 ns

PVP40 Sucrose 278 + 27 0.355 +0.013 ok

PVP40 Trehalose 264 + 6 0.280 + 0.018 Aoleke
DCC-siRNA-EMVs Before FD 185 + 7 0.192 + 0.015

Sucrose 50 mm 202 + |5 0.169 + 0.017 ns

Trehalose 50 mm 193 +7 0.157 £ 0.013 ns

PVP40 Sucrose 308+ 5 0.357 £ 0.023 olok

PVP40 Trehalose 324 £ 19 0.368 £ 0.014 | ***

Notes: The data refer to average subpopulations of EMVs in the colloidal suspension and are calculated via a volume-weighted
algorithm. Statistical analysis against the initial sample size was performed via one-way ANOVA. p < 0.001 ***,
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Table 3 Efficiency of the Encapsulation of siRNAs Into EMVs via Different Techniques

Technique siRNA Apparent | Time Drawbacks Advantages
EE% % SE, n=3 Required

Size exclusion purification | 95 + 2.5 5-10 minutes Inefficient separation between siRNA-EMVs and Fast, repeatable,
(PD10 columns) unloaded siRNA/weakly complexed with RBC debris cost-effective
30 kDa centrifugal units 80 + 4.5 10—15 minutes | Sterility issues and inefficient removal of RBC debris Fast, repeatable,
cost-effective
Sucrose gradient 53+75 >2 hours Technically laborious, requires sucrose removal Extremely
centrifugation precise,
repeatable
Density Changing 68 + 3.5 50 minutes Requires one step of salt removal Technically easy
centrifugation (DCC) and undemanding
Regular 42 + 5% 40 minutes Does not distinguish between EMVs and RBC debris Technically easy
ultracentrifugation and undemanding

The use of PD10 desalting columns led to interesting results: the encapsulation efficiency, that is, multiple recoveries of
EMVs and siRNA, reached 90%, suggesting an interaction between the two (Figure S1). The siRNA-EMVs were recovered
after the addition of 4/5 mL, and no other amount of siRNA was detected after complete elution of the column (~20 mL).
While unbound siRNA is supposed to be eluted later than EM Vs, this was not the case since, after the addition of 6 mL of
recovery, the total initial dose of siRNA was almost complete, with only 0.3—0.5% of the initial siRNA amount being eluted
after EMV recovery. EMVs recovery was confirmed by DLS analysis and RNA quantification with a Quantifluor kit.

Both size exclusion purification and the use of Amicon centrifugal units pose the problem of maintaining sterility.
Both can allow the recovery of weakly externally complexed siRNA and imperfectly shaped EMVs. Moreover, while the
preparation of sucrose gradient columns is laborious and time consuming, regular ultracentrifugation does not discrimi-
nate among EMVs of different densities. We then decided on density changing centrifugation (DCC), with 10% w/v
trisodium citrate dissolved in PBS, since it was proven to be the most repeatable and reliable technique and capable of
ensuring the isolation of siRNA internally loaded with EMVs.*®

DCC-siRNA-EMV Characterization

EMVs were loaded with different amounts of siRNA (2.5-12 pg/mL) and subjected to purification via density-changing
ultracentrifugation, as schematically shown in Figure la. Eight fractions of equal volume from the centrifugation tubes
were collected, the TC was replaced with 1x PBS, and the RNA concentration was evaluated with a Quantifluor RNA kit.
The average encapsulation efficiency was 67.21 + 3.36% in six fractions (as a result of 6 independent experiments), with
a particle size ranging from 170-190 nm and a PDI ranging from 0.01-0.02. The size was found to increase from the top
to the bottom, and vice versa for RNA quantity (Figure 1b), indicating that the method is effective in selecting EMVs on
the basis of their density alone. The last fraction arose from the resuspension of the pellet, consisting of membrane
remnants not shaped into vesicles and unloaded siRNA. Notably, RBC ghosts, prior to coextrusion with siRNA and
subsequent postprocessing, were free from endogenous miRNAs and other RBC-related RNAs.>*!

The overall phospholipid concentration in the original sample not subjected to ultracentrifugation was found to be
0.240 £ 0.09 mg/mL via the Stewart assay, whereas the protein concentration was 0.46 mg/mL + 0.097 (determined via
the Bradford assay), which is in line with the literature for erythrocyte membranes, where 40% of the dry weight is
composed of lipids, including 40% cholesterol, and approximately 60% is composed of proteins and sugars. Starting
from one mL of a solution of 70% v/v erythrocyte ghosts diluted in 4 mL of PBS, the dry mass (protein, lipid and salt)
obtained was 10.63 mg +0.9. To further prove the solidity of this purification method for EMVs, we evaluated the
phospholipid and protein concentrations in the five top fractions (See Protein and lipid quantification) in a separate
experiment, ie, those with the highest concentration of RNA (Figure 1b and c), with 1--5 fractions.

The mixed effect analysis revealed (p < 0.01) that the siRNA content was the only source of variation among the
different fractions (Figure 1c), decreasing from top to bottom, whereas the lipid and protein concentrations remained
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constant. The lipid/protein ratio slightly increased after DCC, from approximately 0.5, as in extruded ghosts, to 0.8,
indicating a loss of protein net content. The zeta potential was also measured for every fraction and was found to be
constant throughout the sample, accounting for —11.2 + 0.2 mV in the presence of 10% TC at pH = 7.4. In line with the
literature,*® the zeta potential was re-established to precentrifugation values after 10% TC removal, which was —17.7 +
3.4 mV, confirming that the DCC-siRNA-EMVs were right-side out.**> We then decided to save the top six fractions for
further experiments, combining them, eventually concentrating the EMV suspension, which was needed for further
analysis. The particle size of all the siRNA-containing fractions combined was slightly lower than 200, with a value of
185.4 + 6.7 and a PDI of 0.192 £ 0.015. DCC-siRNA-EMVs also shared a similar protein profile with parental
erythrocyte ghosts and with the pellet resulting from DCC, as established with SDS-PAGE (s, Figure S2).

Microscopic Characterization of siRNA-EMVs: CryoTEM, Freeze-Fracture TEM and
STED Microscopy

DCC-siRNA-EMVs resulting from ultracentrifugation were imaged via cryo-electron microscopy to determine whether
ultracentrifugation was effective at reducing the amount of unloaded EMVs and membrane debris, which could harm the
stability of the colloidal suspension. Both empty and loaded (siRNA concentration before DCC was 12 pg/mL) EMVs
were assayed before and after ultracentrifugation. Compared with extruded EMVs, cryoTEM imaging (Figure 2a) has
indeed proven our premises to be true, showing centrifuged samples as clearer from membrane debris, which are not
correctly rearranged into EMVs, when compared to only extruded EMVs. Many rod-shaped objects were also present,
which is consistent with literature.’>* Such objects are most likely EMVs sitting on their side, being EMVs biconcave as
confirmed by conventional TEM (Figures 3 and 5, yellow arrows). Therefore, EMVs can be assumed to be relatively flat
(1-10 nm thick), discoidal nanoparticles, as already reported for similar objects.>® Image analysis via ImageJ (Figure 2b)
revealed that loaded and centrifuged EMVs were significantly larger than empty EMVs were (one-way ANOVA, p <
0.001), confirming that their internal content was the only selection factor in DCC. All four size distributions followed
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Figure 2 (a) CryoTEM micrographs of EMVs. The scale bar is 200 nm, and it refers to the insert too. Yellow arrows are pointing at EMVs sitting on the side, appearing as
rod-like objects. (b) Relative frequencies of the diameters in the analyzed cryoTEM micrographs. Measurements were carried out on |0 micrographies for each category, for
a total of n > 200 measurements per typology. One-way ANOVA was performed to assess the statistical significance of the distributions. p<0.01 *¥, p < 0.001 *** (c) Freeze
fracture TEM micrograph of empty and DCC-siRNA EMVs. For higher magnification images (left), the scale bar is 50 nm. In the right image, a wider field of DCC-siRNA-
EMVs is shown (scale bar = 500 nm). The internal content is recognizable as aggregate material (green arrows).
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SIRNA-EMVs DCC-SIRNA-EMVs

Figure 3 TEM micrographs of freeze-dried, noncentrifuged samples negatively stained with UA Zero. EMVs appear as discoidal, flat objects. Yellow arrows are pointing at
EMVs sitting on the side.
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Figure 4 Fluorescence superresolution microscope images of siRNA-EMVs. (a) Wide-field image of DCC-siRNA-EMVs; scale bar = | ym. (b) Close-up image of an EMV,
Cy-5 and CM-Dil signals colocalized, scale bar = 250 nm; (c) non-DCC-siRNA-EMVs, scale bar = | pm.

a lognormal distribution (p < 0.001, Figure 2b) according to the Kolmogorov—Smirnov and Anderson—Darling tests.
Multilamellar EMVs are extremely rare and hard to spot (Figure 2a, inset).

To investigate the internal side of EMVs and DCC-siRNA-EMVs and better appreciate their surface structure, we also
conducted freeze-fracturing electron microscopy on the same set of samples (Figure 2¢). The surface structure was
consistent with that of EMVs obtained via a similar technique®* and with red blood cell extracellular vesicles,”” being
rough and wrinkled but overall circular and regular. When DCC-siRNA-EMVs were imaged, a clot of solid material was
found in most of the fractured vesicles (Figure 2c, inner). While aggregation has already been reported™® in the case of
sonicated siRNA loaded inside extracellular vesicles, this is the first time, to our knowledge, that such clots can be
visualized via electron microscopy techniques.

To verify the identity of such clots, we conducted several tests on a confocal microscope equipped with a STED laser,*’
which labels EMV membranes with CM-Dil dye and loads them with Cy-5-conjugated siRNA. The average size, as measured
by CM-Dil fluorescence signals, was consistent with previously reported data (<200 nm, Figure S3). Furthermore, Cy-5 is
prone to create nonfluorescent H-aggregates® and self-quench its fluorescence when it is found at high concentrations, as
occurs in the lumen of 100—150 nm DCC-siRNA-EMVs. Indeed, the Dil and Cy-5 signals were hardly perfectly superimposed
(Pearson Rr parameter =—0.00075, over the average of 10,200x200 pixels/20x20 pm images). EMVs, in which the two signals
overlap (Figure 4b), are extremely difficult to spot. CLSM also confirmed the efficient removal of RBC membrane debris in
the DCC-siRNA-EMV sample (Figure 4a), considering the lack of CM-Dil-labeled aggregates, which are present in
noncentrifuged samples (Figure 4c). This finding further supports the observation via cryoTEM (Figure 2a) of a cleaner,
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Figure 5 (a) Percentage of siRNA payload loss over the course of four weeks for DCC and siRNA-EMVs. Data are reported over n=3 replicates. (b) Ultrastructural
evolution of negatively stained siRNA-EMVs (left) and DCC-siRNA-EMVs (right). REd arrows indicate pancake-shaped EMVs, which appear as rods via cryo-EM. (c) Size
evolution of siRNA-EMVs stored at 4 °C. Above the bars, the percentage of recorded events belonging to a specific population is shown. (d) Percentage of phospholipid
weight loss in siRNA-EMVs, stored at 4 °C. (e) Agarose gel (2 % w/v) for free siRNA, DCC-siRNA-EMVs, and non-ultracentrifuged siRNA-EMVs exposed to different
concentrations of RNAse A. (f) siRNA retention in siRNA-EMVs after freeze drying. The marked results are significant compared with those of the PBS control for the
siRNA concentration. p £0.05 * p < 0.01 ** p < 0.001 *** p < 0.000] *#*,

monodisperse colloidal suspension. Finally, the Cy-5 siRNA signal seemed to be concentrated only within EMVs in samples
subjected to DCC (Figure 4a and c), confirming the total removal of unencapsulated siRNA molecules.

Encapsulation Stability Over Time and Effects on the Storage of EMVs

To assess the eventual spontaneous release of cargo by EMVs upon long-term storage at 4°C, two identical sets of samples
were evaluated (initial sSiRNA concentration of 10 ug/mL). One was subjected to DCC, while the other was not. To remove
unencapsulated siRNA, the noncentrifuged set of samples was ultrafiltered immediately after extrusion at 30 kDa via Amicon
devices. At fixed intervals, 100 pL (n=3 for each time point) of each replicate of both sets of samples were subsequently
loaded into an Amicon 30 kDa centrifugal filter device. The eluate and retentate were resuspended to the original volume,
and the siRNA concentration was evaluated with a Quantus RNA fluorometric assay over one month of storage at 4°C. The
payload loss was much greater for nonultracentrifuged EMVs (57% after 4 weeks, Figure 5a), suggesting continuous leakage
of the payload from EMVs or slow decomplexation of siRNA from RBC debris. However, in the case of the DCC-siRNA-
EMVs, leakage started to be noticeable after only one month (Figure 3a), accounting for 10% of the initial amount by the end
of the experiment. Noncentrifuged EMVs were also assayed for phospholipid loss (Figure 5d): a consistent amount of
phospholipid was found in the eluate of Amicon 15 NMWL centrifugal devices, which increased with increasing incubation
time. EMVs and DCC-siRNA-EMVs were also evaluated via TEM (Figures 5b and S5 for uranyl acetate comparison),
whereas for DCC-siRNA-EMVs, no morphological or ultrastructural changes were noticeable; for non-DCC-EMVs, the
increase in size was evident in the TEM micrographs, with the appearance of “pancake-like” objects (red arrows, in Figure
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5b) and a general loss of a stable structure and the appearance of smaller EMVs, probably due to further vesiculation. The
size evolution of the siRNA-EMVs was also assayed via DLS (Figure 5c). Even if quite stable, the volume-weighted
diameter of the EMVs increased over time, causing a slight increase both in size and in the population abundance of objects
larger than 400 nm. Nonetheless, after one month, the regular-sized EMV population (less than 120 nm) still represented the
majority of the objects, accounting for 71% of the measured events. We therefore speculated that an already reported protease
activity present in the red blood cell membrane is responsible for self-digestion, loss of structure and, finally, spontaneous
budding of the membrane in the absence of ATP.”*° The digestion of integral membrane proteins such as Band 3 proteins is
indeed involved in aging, which includes aspecific vesiculation due to disassembly of the cytoskeleton.*®' The presence of
such proteases, which are active both in self-digestion and toward casein, was confirmed via a Pierce protease assay on
EMVs but was not detectable or extremely faint on DCC-siRNA-EMVs (s, Figure S4), likely being less represented in the
population of objects selected via density-changing centrifugation.

Density-changing centrifugation again effectively removed the cellular debris and stabilized the overall colloidal
suspension: no significant changes in terms of the hydrodynamic radius or fusion or fragmentation of EMVs were
observed, confirming what was previously observed for siRNA retention.

RNase A Protection Assay

To test the RNA accessibility of siRNA-loaded EMVs, we carried out an RNase A resistance assay. Briefly, we incubated
a known amount of siRNA-EMVs with 0.5, 5, or 50 pg/mL RNAse A for 2 hours or 24 hours at 37°C and then run the
appropriate volume of each sample on a 2% agarose electrophoresis gel. The volumes to be loaded were carefully
calculated to run the same initial amount of siRNA-EMVs. The starting concentrations of siRNA were 10, 8.5 and 10 pg/
mL for naked siRNA, DCC-siRNA EMVs, and siRNA-EMVs, respectively. For DCC-siRNA-EMVs, ie, siRNA-EMVs
subjected to density-changing centrifugation, bands were present even after 24 hours (Figure 5e), in the presence of 5 pg/
mL bovine pancreatic RNase A and after two hours at 50 ug/mL. Surprisingly, the noncentrifuged siRNA-EMVs also
presented a band at 5 pg/mL after two hours of incubation, while the corresponding free siRNA band was absent.

Freeze-Drying and Storage Optimization

To establish a long-term optimal storage procedure, DCC-siRNA-EMVs, siRNA-EMVs and empty EMVs were freeze dried in
the presence of different common cryo-/lyoprotectants: sucrose, trehalose and PVP40. In the case of the siRNA-EMVs, the DCC
and noncentrifuged samples were equally freeze-dried and characterized. Disaccharides were added to a diluted PBS solution at
a 50 mm concentration, while PVP40 was used at 2.5 w/v %.%% The same volume of PBS was used as a negative control. After
one month of storage at room temperature, the freeze-dried samples (#=6 for each type) were rehydrated to the original volume,
and the cryoprotectant was removed via Amicon device ultrafiltration (4 kDa). Particle size, zeta potential (Table 2, Table 4), and
siRNA retention (Figure 5f) were assessed, and their ultrastructures were evaluated via conventional TEM preparations with
a UA-Zero negative stain (Figure 3). Upon rehydration, all the samples were immediately dissolved in DEPC water except for the
negative control, which contained numerous insoluble clots and a foggy appearance. Indeed, PBS is not the most suitable buffer
for freeze drying both exosomes and extracellular vesicles since it is subjected to changes in pH during drying and after
rehydration;** after rehydration, the pH also shifted from 7.4 to 6.5. Nonetheless, when freeze-dried with only disaccharides, all
the samples retained their original size, zeta potential, and siRNA cargo (Table 2, Figure 5f). The presence of cryo-lyoprotectant
increased siRNA retention in DCC-siRNA-EM Vs dried, only, in the presence of the same volume of PBS 1x, with almost 100%
of recovery in presence of disaccharides, ie trehalose and sucrose. Indeed, payload retention reached 99%, for DCC samples in
the presence of disaccharides, indicating excellent colloidal stability. PVP40 is another well-known and widely used not-

264 whose mechanism relies on the modification of the collapse temperature of the structure® by

penetrative cryo/lyoprotectant,
increasing the glass transition temperature of the colloidal suspension and water sequestration properties.*® We therefore chose to
test this nontoxic and well-known polymer to extend the shelf-life of freeze-dried EMVs. Counterintuitively, before cryopro-
tectant removal, samples freeze-dried in the presence of PVP40 presented a much lower zeta potential (—23.5+ 3.1 mVand —23.3
+ 3.8 mV for trehalose + PVP40 and sucrose + PVP40, respectively) and lower siRNA payload retention after rehydration than
samples freeze-dried in the presence of disaccharides (even if overall higher than that of the negative control, ie, PBS). After

centrifugal dialysis and PVP40 removal, the zeta potential of both sets of samples returned to their original values (Table 4),
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Table 4 Z-Potentials of Freeze-Dried DCC-
siRNA-EMVs After Cryo-Lyoprotectant Removal

Sample Zeta Potential
(mV)
Before freeze drying —16.7 £ 58
Sucrose 50 mm —-17.0 £ 25
Trehalose 50 mm —17.7 £ 25
Sucrose 50 mm + 2.5% PVP —17.7 £ 4.1
Trehalose 50 mm + 2.5% PVP —-16.2 £ 64
PBS only -180 %19
Stored at 4° for one month -164+ 34

despite the particle size still being significantly larger (p < 0.001 in all cases). This finding is consistent with what has already
been reported for extracellular vesicles and exosomes,*>® ie, a reduction in the number of nanoparticles, possibly originating
from their fusion with each other, and the substantial impossibility of complete polymer removal; therefore, the unsuitability of
PVP40 as a cryoprotective for this type of object is assessed. On the other hand, trehalose or sucrose alone did not significantly
affect the size of any type of EMVs sample (Table 2).

Given that siRNA was retained after freeze drying, the best-performing cryo-lyoprotectant was sucrose at a 50 mm
concentration. Moreover, we used TEM to assess the suitability of the above-said cryo-lyoprotectant with TEM,
observing the ultrastructures of EMVs. The samples (DCC and not DCC) were negatively stained with UA-zero
(Figure 3 and S6 for freeze-drying only in the presence of PBS). Exceptionally interesting were also the ultrastructure
differences highlighted by the staining: UA-zero complexation with membranes was lower in the presence of PVP40, and
where trehalose was present, both for DCC and not samples, an organic and soft shield around the vesicles can be
observed. This feature was not highlighted in previous reports on cell-derived vesicles freeze-dried in the presence of
PVP polymers®® negatively stained with uranyl acetate, although a similar electron-dense area was observed around
organic objects. Owing to their safety and cost-effectiveness, disaccharides have been proven to be the best cryo-/
lyoprotectant for RBC membrane-derived vesicles.

In Vitro Activity of DCC-siRNA EMVs

Cytotoxicity and Internalization of siRNA-EMVs by Different Cell Lines

We investigated whether DCC-siRNA-EMVs at a final concentration of 4.5 pg/mL EMV protein (1:66 dilution),
corresponding to 30 nM siRNA, had any toxic effects on multiple cell lines: NHLF human lung fibroblasts, Hulec 5a
human lung microvascular cells, CT26 murine colorectal carcinoma, B16F10 murine melanoma, and 4T1 murine
mammary carcinoma. These conditions were chosen to mimic an in vitro knockdown experiment. No signs of
cytotoxicity were detected in any of the tested cell lines (Figure 7a). To determine whether the DCC-siRNA-EMVs
internalized B16F10, CT26 and NHLF cells were incubated with them (Figure 6). The vesicles were loaded with Cy-
5-labeled siRNA, and a total of 0.7 nM/well of Cy-5 siRNA/well was incubated with the cells. Additionally, the EMV
membranes were marked with CM-Dil. After 48 hours of coincubation, the CM-Dil signal was present in both the
plasma and inner membranes of the cells, suggesting membrane fusion between the cells and EMVs, together with the
presence of Cy-5 in the cytoplasm. Overall, these findings indicate that EMVs are actively internalized by normal and
tumor cells rather than just adhering to the cell surface. As a proof of concept for our carriers, we chose B16F10 cells,
a well-characterized murine melanoma cell line that showed robust membrane fusion with CM-Dil-labeled EMVs, as
a model for further experiments.

In Vitro Knockdown Effect of siRNA-EMVs

The tdTomato-expressing B16F10 murine melanoma cell line was selected to evaluate the ability of the siRNAs to silence the
tdTomato fluorescent protein expression. To prove the robustness of our storage protocol, we also tested sucrose-freeze-dried
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Figure 6 Internalization of DCC-siRNA-EMVs by BI6F10, CT26 and NHLF cells over three days. The cell nuclei were labeled with Hoechst 33342 (blue), and the
membranes were labeled with MemBrite® Fix 488/515 stain (green). The membranes of EMVs were stained with CM-Dil (Orange), while they were loaded with Cy-

5-labeled siRNA (red). The scale bar is 50 ym.
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Figure 7 (a) Viability of various cell lines treated with 4.5 pg/mL DCC-siRNA-EMVs; (b) logl0 of in vitro tdTomato (fold change) at a final concentration of 0.3 nanomolar.
The data are expressed as the means + SDs. The percentage of knockdowns + SDs is reported below the graph. p < 0.001 **, p < 0.000] *¥*¥**,

DCC-siRNA-EMVs. The silencing efficiency was compared with that of RNAIMAX, the most efficient nonviral transfection
agent on the market, and the same final amount of anti-tdTomato siRNA was added to the cells, corresponding to 30 picomoles/
well (for a final siRNA concentration of 30 nM in each well). Total RNA extraction was performed after 48 hours. Real-time PCR
revealed circa 80% knockdown efficacy in the case of the DCC-siRNA-EMVs (Figure 7b), whereas the FD samples retained
approximately 50% of their activity. Transfection with EMVs did not impact B-actin expression, since none of the samples shown
were significantly different from the control Ct (Figure S7). The reduced activity of sucrose freeze-dried DCC-siRNA-EMVs can
be attributed to the eventual loss of the right-sidedness of EM Vs, protein unfolding, lipid loss upon rehydration, and early cargo
release. In contrast, RNAIMAX caused almost complete knockdown of the target gene at the same dose.

In Vivo Experiments: Biodistribution, Pharmacokinetic and Knockdown
Effects

Biodistribution and Pharmacokinetics of DCC-siRNA-EMVs

To determine the biodistribution of DCC-siRNA-EMVs in mice, we coupled stem—loop PCR of the siRNA guide strand with
fluorescence microscopy of thin tissue sections. For this purpose, we subcutaneously induced tdTomato-B16F10 tumors in
C57BL/6 mice. When the tumors reached 50-60 mm®, we intravenously injected 100 pL of DCC-siRNA EMVs, whose
membranes were labeled with Vybrant-DiO and loaded with Cy-5-labeled passenger strand siRNA (Figure S8 for the TagMan
calibration curve). We first determined the pharmacokinetic parameters relative to those of the DCC-siRNA-EMVs (Table 5).
Upon caudal vein injection, siRNA-EMVs were rapidly distributed among body compartments, with 40% of the total injected
dose (ID) per mL of blood remaining in circulation after 10 minutes (Figure 8a). After two days, approximately 1.5% ID/mL was
still present. The mean residence time®” was 18 hours, where a commonly reported value for a free siRNA is 2-4 hours;**®*
distribution in the tissue phase was extremely fast, with an apparent volume of distribution (V) of 20 mL (or 1000 L/kg of mouse
weight). This behavior can be attributed to the low affinity of EM Vs for plasma proteins, leading to faster tissue distribution, as
observed in other nanoparticle-assembled siRNA treatments.®>"® Overall, the distribution half-life was comparable to that of

other stealth, neutral siRNA delivery systems,”®*

confirming the potential of our delivery system.
We then proceeded to determine the presence of the siRNA lead strand in various organs. At an injected dose of

1.5 mg/kg of weight of anti-tdTomato siRNA (30 pg/mouse), the earliest clearance organ for DCC-siRNA-EMVs

International Journal of Nanomedicine 2025:20 hetps: 3287


https://www.dovepress.com/get_supplementary_file.php?f=504644.docx
https://www.dovepress.com/get_supplementary_file.php?f=504644.docx

Della Pelle et al

Table 5 Basic Pharmacokinetic Parameters Relative to siRNA-
EMVs Administered at 1.5 mg/kg, Calculated With the PK Solver
2.0 Excel Add-in

Parameter Value

Cl, Total Body Clearance 0,0143 mL/min

A, (elimination rate constant) 7,3 10* min "'

Crnax 12733 ng/mL

MRT (Mean residence time) 1107 min (18 h)

V,, Apparent volume distribution (48 hours) | 20 mL

T\ p, plasma terminal half life 944 min (15,7 h)
Terminal AUC ... 2088806 (min ng/mL)
Total injected dose (ID) 30000 ng

appeared to be the spleen (Figure 8b). Similar to Liang et al,”" the lungs were shown to be one of the main accumulation
sites for EMVs, although after administration (ie, 24 hours), the presence of the lead strand of anti-tdTomato siRNA in
the kidneys was already substantially lower than that of free siRNA.>® While the concentration of the lead strand of anti-
tdTomato siRNA remained constant in the liver, it increased over two days in tumors, reaching 4000 ng/g £+ 335 of
siRNA/g tumor tissue. Therefore, the DCC-siRNA-EMVs appeared to have eluded accumulation in the main reticu-
loendothelial site organ, ie, the liver: at 48 hours, the ratio of the tumor siRNA/liver siRNA was 1.83. Such behavior can
be ascribed to the presence of CD47 on EMVs, masking effect on phagocytic SIRPa + Kupffer cells, as observed

7273 While the occurrence of high accumulation in heavily perfused organs such as the heart and lungs was

elsewhere
predictable, we were surprised by the abundance of siRNAs in the brain.

To investigate this phenomenon, we analyzed the distribution in organs in detail by tracking Cy-5 (conjugated at the 5’
end of the anti-tdTomato passenger strand) and DiO fluorescence, which was used to label EMV membranes. Taken
together, these findings confirmed the molecular data and strongly suggested that EMVs rapidly entered the blood
circulation and promptly accumulated in tissues. As early as 2 h, the accumulation of the Cy-5 and DiO signals was greater
in proximity to the blood vessels and more abundant in highly perfused organs, such as the lungs (Figure 9), brain (Figure
14)) and heart (Figure S10). In the lungs, after 24 hours, the Cy-5 signal had a homogenous distribution, suggesting deeper
tissue penetration from blood vessels over time (Figure 9), reflecting the molecular data. In the kidneys (Figure 10), the
main filtration organs for the nanoparticles, Cy-5 and DiO fluorescence, appeared to be homogenously distributed, without
any greater accumulation in either the glomeruli or tubules. No preference for any lobe can be noted in the liver, despite the
Cy-5 signal being mostly concentrated in the proximity of sinusoids (Figure S9) and around larger blood vessels. Within
24 hours, the Cy-5 signal is present around small arteriolae in the brain but not in tissues, as EM Vs are likely unable to cross
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Figure 8 (a) Plasma concentration of the anti-tdTomato siRNA lead strand. For calculation of the injected dose (ID), the mice were assumed to have 1.6 mL of blood. (b)
Nanograms of anti-tdTomato siRNA lead strand for each gram of organ, as obtained via interpolation of stem—loop qPCR data from tissues with a calibration curve (Figure S8).
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Figure 9 Distribution of Cy-5/DiO DCC-siRNA-EMVs at different time points in frozen sections of mouse lungs via siRNA-Cy-5 (red) and DiO (green) signals in frozen
sections of lungs. Nuclei were labeled with Hoechst 33342 (blue). The scale bar is 100 pm.

the tight endothelium of the blood—brain barrier; the high density of brain capillaries’* (Figure 8 and 14), therefore, explains
the strong accumulation determined via qRT-PCR. The absence of the Cy-5 signal can be noted in the spleen white pulp
(Figure 11) and in the marginal zone, while strong accumulation can be observed in the red pulp, which is devoted to
recycling old erythrocytes;”> EMVs, therefore, eluded capture by the lymphoid tissue of white pulp, which is composed of
Tand B lymphocytes and macrophages.”® On the other hand, the B16F 10 tdTomato-treated tumors presented a disorganized
and chaotic structure, with moderate autofluorescence in the green channel around blood vessels and in connective tissue
and heterogeneously distributed blood vessels. In the controls, a vast majority of the cells presented fluorescence in the
tdTomato channel (Figure 12 and 13).
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Figure 10 Distribution of Cy-5/DiO DCC-siRNA-EMVs at different time points in frozen sections of mouse kidneys via siRNA-Cy-5 (red) and DiO (green) signals. Nuclei
were labeled with Hoechst 33342 (blue). The scale bar is 100 pm.

In tumors, despite being not the main accumulation site, the Cy-5 signal is greater in the tumor rim and within a layer of
9-10 cells from the closest capillary, which is consistent with the enhanced permeation and retention theory,”® and it slowly
diffuses farther from blood vessels over 48 hours. Indeed, while EMV tissue penetration is limited to 3—4 cells from the closest
blood vessel at the 2-hour time point, the Cy-5 signal distribution appears to be much more homogenous at 48 hours
(Figure 12). Overall, as indicated by the qRT—PCR data, the Cy-5 and DiO signals continued to increase over time (Figures 13
and 12). Interestingly, extravasated erythrocytes, which occur in solid melanomas due to defective blood vessels,”” are
widespread in tumor tissue and are fluorescent in the Cy-5 channel (Figure 13) as early as 2 h post-administration but are
positive but fainter in the FITC channel.
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Figure 11 Distribution of Cy-5/DiO DCC-siRNA-EMVs at different time points in frozen sections of the mouse spleen via siRNA-Cy-5 (red) and DiO (green) signals. Nuclei
were labeled with Hoechst 33342 (blue). The scale bar is 100 pym.

From 24 hours onward, the circulating erythrocytes in the blood vessels in the kidneys (Figure 10), heart, brain, lungs
and liver showed the same behavior. The Cy-5/DiO erythrocytes were absent in every organ in the control group. In
tumors, areas of extravasated erythrocytes 20—40 um in diameter were completely labeled with Cy-5 48 hours after
administration and were weaker in the DiO channel. Although red fluorescence of erythrocytes has been previously
reported ’® and hemoglobin fluorescence has been evaluated by fluorescence microscopy with two-photon excitation, ”°
the phenomenon we observed appears to be different. We therefore performed a small-scale ex vivo experiment in which
we incubated mouse erythrocytes with DiO-labeled DCC-EMVs to detect any membrane fusion and payload transfer
under physiological conditions. After 24 and 48 hours of coincubation, several erythrocytes acquired DiO fluorescence

(Figure S11c), indicating membrane fusion, as the diffusion rate of such a lipophilic tracker in lipid bilayers is low ** In
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Figure 12 Summary of the knockdown activity of systemically delivered DCC-siRNA-EMVs. (a) Log| 0 of the tdTomato fold change in vivo at the 2.5 mg/kg dose compared with
the basal expression of the gene in control tumors, as analyzed with the Kruskal-Wallis nonparametric t-test. p < 0.0001 **** (b) Log |0 of the tdTomato median fluorescence
intensity variation at 0—48 hours and 24-48 hours in control, DCC-siRNA-EMV-, and naked siRNA-treated mice. p<0.05 *, p<0.0| ** (c) Tumor tissue sections with blood vessel
details at 0 and 48 hours. Red blood cells were unanimously positive in the Cy-5 channel at 48 hours and fainter in the DiO channel. The scale bar is 50 um.

the absence or presence of EMVs, many erythrocytes take the form of echinocytes ®' while the addition of RPMI medium
caused the aggregation of DCC-EMVs, which was confirmed by DLS analysis (Figure S11b and); agglomerates of
2-5 um were indeed absent in the DCC-EMVs dispersed in PBS (Figure S1la).

Successful in Vivo Delivery of siRNA-EMVs to Tumors and Knockdown of tdTomato
Expression After Systemic Administration of DCC-siRNA-EMVs

Having confirmed the strong in vitro knockdown ability and successful delivery of EMVs to B16F10-tdTomato tumors, we
aimed to ascertain whether the DCC-siRNA-EMVs had the ability to elicit gene knockdown in vivo. For this purpose, we
again subcutaneously induced B16F10-tdTomato tumors in C57BL/6 mice, and when the tumors reached 50-60 mm?>, we
intravenously injected 100 pL of naked siRNA (2.5 mg/kg in 0.9% NaCl, n = 4), unlabeled DCC-siRNA-EMVs (2.5 mg/kg in
0.9% NaCl, corresponding to 50 pg for each mouse, n = 5), and, finally, 100 pL of saline (0.9% NaCl, n=4, due to the passing
out of one mouse during the experiment). At this dose, the DCC-siRNA-EMVs caused 79% + 4.38% (SEM, n=5) tdTomato
gene knockdown at 48 hours post injection (Figure 12a). The relative expression of the tdTomato gene in the naked siRNA-
injected group (n=>5) did not significantly differ from that in the control group because of the previously reported'® quick
clearance and rapid degradation of dsSRNAs. The mean fluorescence intensity of whole tumors (Figures 12b and S12), on the
other hand, suggested that tdTomato protein elimination is a much slower process: indeed, 48 hours post-administration, the
reduction in MFI was 48 + 10% SEM, whereas the variation from 24-48 hours was, compared with the control group, 14 +
7% (Table 6). Unsurprisingly, the MFI of the B16F10-tdTomato tumors continued to increase throughout the experiment in
both the naked siRNA and control groups. We also assessed whether there was any knockdown in the biodistribution mouse
group injected with a 1.5 mg/kg dose (30 pg/mouse). We monitored tdTomato gene expression at 24 and 48 hours via qRT-
PCR and then measured the MFI of its protein product in thin sections. The presence of Cy-5 on the 5" end of the passenger
strand did not jeopardize the RNA interference process. The knockdown effect on tdTomato gene expression appears to be
a relatively early phenomenon because most of the gene silencing occurred within the first 24 hours post-injection (Table 6),
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Figure 13 Distribution of Cy-5/DiO DCC-siRNA-EMVs within B | 6F | 0-tdTomato tumors via frozen sections of Bl 6F | 0-tdTomato tumors at different time points after the injection
of DCC-siRNA-EMVs with nuclei labeled with Hoechst 33342 (blue), Vybrant DiO (green), Cy-5 siRNA (red) and tdTomato expression (magenta). The scale bar is 100 ym.

with 47% + 10 (SEM, n = 5) total tdTomato gene silencing, reaching 69% = 5.4% (SEM, n=5) at 48 hours. In frozen tissue
sections, after 48 hours, the fluorescent signal of the target gene, tdTomato, was indeed lower or absent in the proximity of
capillaries (Figures 12¢ and 13), indicating successful internalization of EMVs and gene knockdown. Logically, the Cy-5 and
tdTomato signals hardly ever superimpose at 48 hours within 5-6 cells from the closest capillary. Overall, as shown in
Table 6, the total MFI of tdTomato was 48 + 15% greater than that of the control at 48 hours after injection (Figure S13).

Discussion

The RBC membrane has already been used as a coating material for polycationic nanoparticles in siRNA delivery®’ to
take advantage of endocytosis and, subsequently, endosomal escape; Wang et al failed to address the stability of their co-
assemblies. Our platform is RBC-based as well, but we consciously decided to avoid the involvement of any polyplexes
in the development of a siRNA carrier and to rely, for cell uptake, only on membrane properties to minimize toxicity and
ensure biocompatibility. When small nucleic acids are loaded into neutral, lipid-based, and naturally occurring nano-

7882 available techniques—electroporation, sonication and lipofec-

carriers, such as extracellular vesicles and exosomes,
tion—are laborious and work intensive’’ or can lead to RNA degradation.’®®* Furthermore, the removal of unloaded

cargo can pose another problem: naturally occurring EVs are already tightly packed with miRNAs and other small RNAs,
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Figure 14 Distribution of Cy-5/DiO DCC-siRNA-EMVs at different time points in frozen sections of the mouse brain via siRNA-Cy-5 (red) and DiO (green) signals. Nuclei
were labeled with Hoechst 33342 (blue). The scale bar is 100 pm.

and the systemic administration of such contents may lead to unwanted off-target effects and hinder the loading
efficiency of exogenous nucleic acids.™

In contrast, the whole process of production and purification of DCC-siRNA-EMVs requires approximately four hours. We
tested different methods for the removal of unloaded siRNA and cell debris: simple ultracentrifugation, with pelletization of
loaded EMVs, sucrose gradient ultracentrifugation, density-changing centrifugation, and size exclusion chromatography with
G25-PD10 Sephadex packed columns, which are commonly used for liposome purification.*>** Density-changing centrifuga-
tion was proven to be the technically least demanding, most repeatable separation method among those tested: a solution of 10%
trisodium citrate could select EMVs according to their RNA content in precise and well-defined layers (Figure 1).
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Table 6 TdTomato Gene Knockdown and Relative MFI Decrease at Two Different
Doses of Anti-tdTomato siRNA

Dose (mg/kg) | Time point (h) | % of mMRNA % of tdTomato MFI
Knockdown (x SEM) | Variation (x SEM)

1.5 0-24 47% £ 10 20+ 6

24-48 31% £ 6 21 £5

048 69% £ 5 37+4
2.5 0-24 34+ 12

24-48 147

0-48 79% + 4 48 + IS5

While successful loading of siRNAs into a single EV seems to be the limiting step for their ability as silencing
carriers,”* we confirmed that loading of siRNAs in our EMVs via freeze-fracture TEM (Figure 2) and a STED laser
equipped with a confocal microscope (Figure 4) effectively visualized the siRNAs within the lumen of the vesicles.
Loading resulted in a final encapsulation efficiency of 67%. Freeze fracturing of EMVs has already been successfully
used in,>* and despite being a widely exploited technique in liposome and nanocapsule characterization,®>®® our results
are the first, to our knowledge, to show RNA aggregates in the lumen of lipid/protein objects. Notably, despite appearing
as amorph aggregates, the integrity and ability of the loaded siRNA to elicit RNA interference were maintained both
in vitro and in vivo. Moreover, as it is a valuable tool for the in-depth characterization of such elusive objects, an ever-
growing number of studies have investigated the characterization of extracellular vesicles/exosomes/liposomes via
fluorescence microscopy.®’*° We used this technique to characterize the density of packing of DCC-siRNA-EMVs,
and we confirmed the efficient removal of unencapsulated siRNA and of membrane debris not shaped into EMVs.
Furthermore, owing to the high STED resolution, we confirmed that this technique is reliable for size characterization.
The rare superimposition of Cy-5 and CM-Dil signals hints at a high density of packing of siRNA inside the EMVs,
enough for Cy-5 to self-quench, as already reported for a similar system.”’

Membrane-derived vesicles have already been exploited for nucleic acid delivery,”*** but red blood cell-derived vesicles
have never been fully characterized as TNA delivery systems. The Lejeune group extensively described these objects — termed
them “nanoerythrosomes” — in a series of follow-up papers.”**® When P3881 cells were loaded with daunorubicin, the
internalization pathway was remarkably similar to that we observed (Figure 6), with initial accumulation of DCC-siRNA-
EMVs around the plasma membrane followed by robust internalization of the payload. The migration of the CM-Dil signal
inside the cytoplasm indicates EMV—cell membrane fusion and subsequent translocation of the dye in the internal membrane
system, as reported elsewhere.”” Naturally occurring EVs are highly likely to follow some endosomal escape pathways to
expose their RNA payload to the cytosol without rupturing the endosomal membrane, as happens in cationic gene delivery, but
through a simple fusion event,”® whose minute molecular mechanism has yet to be elucidated. RBCs express flotillin 1 and 2
on their lipid rafts,'® a protein pair known to elicit a caveolae/clathrin-independent endocytosis process.””'® Therefore,
siRNAs are either directly translocated into the cytoplasm by direct membrane fusion or released from endosomes and are
ready to be complexed with Ago2. BCAMI1 might also play a role in membrane fusion, as it is present both in the RBC
proteome and in naturally released EVs.>'® Similarly, even if they are of minor importance in the native RBC membrane,’
typical exosome markers such as TSG101 and ALIX have also been reported. This nonspecific uptake mechanism seems to be
shared among the cell lines we evaluated (CT26, B16F10 and NHLF) with no preferred target. Finally, the in vitro ability of
DCC-siRNA-EMVs to silence BI6F10 expression on tdTomato mRNA was found to be approximately 80% at a final well
concentration of 30 nM, a result comparable to that reported for RBC-derived EVs.!” Notably, compared with HEK293-
derived EVs, DCC-siRNA-EMVs elicited RNA interference at a markedly lower dose,”® Sk-hepl-derived DPPC hybrid
EVs,*” and Neuro2a-EVs loaded with lipidic siRNA.'!

Our DCC-siRNA-EMVs showed promising results for future clinical translation. In vivo, in melanoma-bearing mice, at
2.5 mg/kg body weight, upon systemic administration via the caudal vein, DCC-siRNA-EMVs were capable of causing 80%
tdTomato gene silencing, whereas intact EMVs containing the anti-tdTomato siRNA were still present in the blood after
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48 h of administration. The early occurrence of gene knockdown is consistent with siRNA activity models,'** which favor
early mRNA degradation rather than GW182 translation blockage. In similar experiments (ie single injection, systemic

administration of siRNA-loaded nanoparticles towards B16F10 derived tumors and metastasis), DCC-siRNA-EMVs out-

193 and transferrin-based

105,106

performed untargeted PEGylated cationic lipid nanoparticles in terms of knock-down
nanoparticles.'® Remarkably, similar knock-down levels are reached after multiple administrations.

The accumulation of EMVs in the tumor directly confirms the enhanced permeation and retention effect (EPR effect),
as established for rodents,'®”'%® for the passive accumulation of 100-200 nm nanoparticles in tumor tissues. BI6F10
tumors are known to have a leaky vasculature and lower recruitment of CD8+ cells,'® suggesting that melanoma-related
metastasis is a possible target of EMVs. Furthermore, the lack of uptake by white pulp macrophages in the spleen
(Figure 11) confirms the masking activity of the CD47 marker on EMVs. EMVs also managed to elude clearance by
Kupffer cells in the liver, with the siRNA concentration in tumors being twice that in the liver after 48 hours. The high
apparent volume of distribution V4 of DCC-siRNA-EMVs allowed precocious delivery of siRNA to tumors, leading to
50% gene knockdown (at 1.5 mg/kg weight) as early as 24 hours after administration. As the EPR effect is known to fail

in vivo in humans due to the higher blood flow rate,'*®''°

increased washout to achieve a longer circulation time and
lower clearance by RES is of utmost importance, together with active targeting of the tissue of interest.

Interestingly, with respect to the tissue penetration of our carriers, 48 hours postinjection, DCC-siRNA-EMVs
exhibited a knockdown ability within a layer of 5--6 cells from the closest blood vessel, thereby successfully crossing
the endothelium but, unfortunately, extremely slow diffusion within the extracellular matrix (ECM) of B16F10 tumors.
Nevertheless, we observed increased homogenization of the Cy-5 signal, which was conjugated with the siRNA
passenger strand in EMVs, in tumor tissue over the course of the experiment. This finding indicated that despite being
extremely hindered by collagen and hyaluronic acids and interstitial fluid pressure,''' our carriers diffuse from the
endothelium within the interstitial space. Liposomes and other spherical nanoparticles larger than 60 nm have been
shown not to be able to diffuse into the ECM and interstitial tissue,''? but such a phenomenon appears to be heavily
dependent on the physical characteristics of the nanoparticle,''*!'* such as its size. The ECM indeed behaves like
a hydrogel matrix: the penetration of nanoparticles is more efficient when collagen fibers are aligned in an ordered,
isotropic architecture. As elucidated by cryo-EM, EMVs are flat objects overall, with a pronounced discoidal/ellipsoidal
shape. In the literature, a vast majority of papers report differential diffusion efficiency within solid tumors for hard
nanoparticles, such as Au nanorods, nanodisks or nanospheres,''*!''> but many fewer reports are available for soft matter,

such as polymeric nanoparticles,''® or plant-derived virus-like particles,''’

and to our knowledge, soft-matter, hydro-
philic nanodisk solid—tumor diffusion depths have never been reported.

The fusion or attachment/hitchhiking event between EMVs and circulating erythrocytes, which has already occurred
2 hours post-administration, is highly important for the advancement and optimization of biodistribution techniques.
A common method used to determine the presence of fluorescently labeled siRNA in mice is monitoring the remaining
fluorescence of the labeled carrier in the mouse whole body at fixed time points via equipment such as the IVIS.''#!?
This technique, even if fast, does not focus on the tissue level. Murine and human red blood cells are prone to membrane
fusion with synthetic liposomes,lzo’121 but fusion with EVs, exosomes, or membrane-derived artificial vesicles has never
been reported. Moreover, red blood cells are known to adsorb, on their outer layers, a variety of artificial nanoparticles in

the absence of plasma proteins;'**'*

unfortunately, investigations of putative hitchhiking or membrane fusion of EMVs
with red blood cells are outside the scope of this paper.

We also characterized the best storage option of our DCC-siRNA-EMVs to evaluate the most cost/effective storage option
for long-term potential treatment. We concluded that disaccharides—sucrose and trehalose—are our system’s best cryolyo-
protectant, leading to minimal payload loss upon rehydration. Sucrose FD-DCC-siRNA-EM Vs retained the ability to induce
RNA interference (Figure 6). Upon storage at 4°C, the EM Vs caused phospholipid loss over time and a significant increase in
size. Such storage lesions have already been reported for whole red blood cells and are connected to oxidative stress and
subsequent EVs release.'** As reported in,'?’ larger extracellular vesicles may arise from the fusion of smaller protein/lipid
complexes released during the early stages of storage. These data, taken together with the findings of siRNA leakage upon
storage, lead us to speculate that a budding mechanism, similar to that observed for whole RBCs, is maintained in EMVs. An

12
dS9v 6

inner membrane-bound proteasome has been previously reporte and confirmed in’ and,'?’ and despite being the main
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target of hemoglobin, it can also digest Band 3 and glycophorin A proteins, thus explaining the colloidal instability of stored
EMVs and the presence of storage lesions. However, whether this protease activity might play a role in transfection efficiency
and tumor ECM diffusion has yet to be elucidated.

Conclusion

Red blood cells are the ideal starting material for a biomimetic and biocompatible nanodelivery system with low
immunogenicity and prolonged circulation time. Additionally, the intriguing mechanical properties of their cytoskeleton
lead to interesting soft-matter stiff nanoparticles. We developed an easy and repeatable procedure that allowed us to
obtain a high encapsulation efficiency of a therapeutic nucleic acid, siRNA, in a relatively short amount of time. Despite
relying only on passive targeting, our erythrocyte membrane vesicles, in vivo, had a remarkable circulation time and
safely delivered their payload to tumors. The passive high accumulation of these objects in the lungs may lead to the
development of new therapies for lung cancer. We were therefore able to develop a simple, cost-effective, therapeutic
nucleic acid carrier that is also prone to easy scaling-up. Most importantly, the patient’s own blood might be used,
avoiding immune reactions, for actual personalized medicine. As of 2024, many nanoparticle-siRNA formulations (such
as CALAA-01, ARC-520) fail in clinical translation due to off-site accumulation and knock-down of off-target mRNAs,
insufficient gene knock-down in target tissue, and hepatic or kidney toxicity. Therefore, for a successful drug approval,
not only the TNA sequence must be carefully tailored and chemically modified (incorporation of locked-nucleic acids,
methylation of the guide strand in position 2)'** to avoid unwanted knockdown, but also carrier tropism needs careful
tuning to ensure the lowest possible effective dose without significant side effects. Future developments for these carriers
will include active targeting tumor sites, to avoid healthy cells accumulation, and simultaneous loading to a reporter
agent to obtain an all-in-one theranostic agent. Furthermore, we aim to quantitatively investigate the correlation between
soft-matter nanoparticle shapes and their tissue penetration.
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