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Red blood cell-derived extracellular vesicles (RBC-EVs) are emerging as promising biomaterials for next-
generation drug delivery, owing to their intrinsic biocompatibility, immune-evasion properties, and
minimal oncogenic risk. However, their broader application is currently limited by unresolved challenges
related to heterogeneity, reproducibility, and long-term storage stability. By combining discontinuous
sucrose density gradient separation with high-resolution interferometric nanoparticle tracking analysis,
we identified a sharp bimodal size distribution of vesicles in freshly prepared samples. We then tracked
how long-term storage at —80 °C drove their conversion into a monomodal distribution. To reproduce
these conditions in a shorter time frame, we developed an "accelerated-ageing” protocol based on
freeze—thaw cycles that generates RBC-EV samples with homogeneous density, size distribution, and
biological activity, effectively replicating the properties of preparations stored for six months at =80 °C.
This new vesicle population remains stable and retains membrane integrity and cellular internalization
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capacity, as confirmed by surface-associated enzymatic activity assays and uptake tests in cancer cell
lines. These results suggest that freezing-induced “accelerated ageing” represents an effective method for
the optimization and standardization of RBC-EVs as building blocks for biomaterial and bioengineering
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1. Introduction

Extracellular vesicles (EVs) are a groundbreaking biological dis-
covery of the past two decades. These natural lipid nano-
particles, ranging in size from 30 nm to 1000 nm, are secreted
by all cell types in animals and bacteria, acting as carriers for
many biomolecules." EVs play a vital role in mediating physio-
logical processes and contributing to disease spread, including
cancer” and infections.® Their unique properties, which have
evolved for efficient transport and pharmacokinetics, make
them highly promising for precision nanomedicine.* Early
clinical trials of EV-based therapeutics have shown encoura-
ging results, fueling ongoing research into their potential as
novel biomaterials, i.e., as drug delivery vehicles.”®

Red blood cell-derived EVs (RBC-EVs) stand out as particu-
larly promising biomaterials for next-generation drug delivery,®
offering several key advantages: they are devoid of mitochon-
drial and nuclear DNA, thus posing minimal oncogenic risk,
and exhibit excellent biocompatibility.” " RBC-EVs can be pro-
duced at a large scale with good reproducibility and benefit
from well-established protocols in transfusion medicine.'*

This journal is © The Royal Society of Chemistry 2026
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Additionally, RBC-EVs derived from patients’ blood offer pre-
cision and safety, making them an attractive option for clinical
translation in drug delivery and therapeutic applications.

Large-scale in vitro production of RBC-EVs can be boosted
by exploiting external stimuli (ie., physical or chemical
stress).'> The main chemical inducers used so far in this
context are calcium ionophores, such as ionomycin and
A23187,"® lysophosphatidic acid (LPA),* and phorbol-12 myris-
tate-13 acetate (PMA)." This procedure is then followed by the
separation of RBC-EVs from RBCs by different methods, which
usually include serial ultra-centrifugation steps and a sucrose
gradient.®

Compared to naturally secreted RBC-EVs obtained after
RBC storage'®'” for up to 28 days at +4 °C, chemically induced
RBC-EVs show a very similar enrichment of EV markers, with
sizes and shapes typical of EVs.®'® Furthermore, the biochemi-
cal composition obtained by proteomic analysis looks very
similar, apart from the enrichment of calcium-binding pro-
teins'® and some differences in membrane protein
expression.”’

Despite earlier findings,'® it has recently been shown that
fresh chemically induced RBC-EVs exhibit two separate size
and density profiles, each with distinct protein expression pat-
terns. These variations lead to differing physiological
responses upon internalization.”’ In addition, it has been
demonstrated that different storage conditions can impact EV
yield, physical properties, and functionality,”> and combined
technologies are needed to characterize all the modifications
occurring in EV samples.*?

Thus, in order to enable biobanking of RBC-EVs for large-
scale production and use, it is essential to conduct extensive
studies on their homogeneity and stability under different
storage conditions. These factors are crucial, as different storage
protocols can significantly influence the biological activity of
RBC-EVs.>*?° Additionally, to ensure the therapeutic applica-
bility of RBC-EVs in large quantities, it is necessary to evaluate
whether their heterogeneity persists during storage and whether
maintaining this heterogeneity is beneficial. For clinical use,
however, a more homogeneous product may be preferable to
ensure consistent therapeutic outcomes® according to inter-
national medicines regulatory agencies’ guidelines.”®*°

In order to achieve this, key technologies for single-vesicle
or subpopulation-level analysis have been developed, such as
high-sensitivity flow cytometry’® and NanoFlow cytometry
(NanoFCM),*! which enable size and surface-marker profiling.
ExoView,*” a chip-based immunocapture platform, allows mul-
tiplexed phenotyping of individual EVs without extensive pre-
processing. Structural heterogeneity can be explored via
atomic force microscopy (AFM)*’ and electron microscopy
(EM),** which provide nanoscale resolution. Raman and FT-IR
spectroscopy’>° offer label-free biochemical fingerprints,
while surface plasmon resonance (SPR)*” detects molecular
interactions in heterogeneous EV populations.

Recently, interferometric nanoparticle tracking analysis
(iNTA) has been introduced in this scenario with the advantage
of high-precision measurement of EV size and content by
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refractive index determination.’®*® Employing at least two
orthogonal analytical methods is widely recommended to
minimize methodological bias.

In this study, by combining multiparametric characteriz-
ation based on iNTA and a discontinuous density gradient
(DSG), we developed an “accelerated-ageing” protocol based on
freeze-thaw cycles that allows the generation of highly homo-
geneous RBC-EV preparations. These preparations were
assessed for RBC-EV membrane preservation using a RBC-EV
surface-associated enzymatic assay and for their capacity to be
internalized by cells.

2. Materials and methods

We have submitted all relevant data from our experiments to
the EV-TRACK knowledge base (EV-TRACK ID: EV250035).*°

2.1 RBC-EV production

RBC-EVs were isolated according to the protocols outlined by
previous works.®*® In brief, after the collection of 100 ml of
blood, red blood cells (RBCs) were separated by centrifugation
at 1000g for 8 min at 4 °C and washed three times in PBS
without calcium and magnesium. Following this, RBCs were
subjected to two additional washes with CPBS (PBS + 0.1 g L™"
calcium chloride) and then transferred into a 75 mm? tissue
culture flask. Calcium ionophore was added to the flask at a
final concentration of 10 pM, and the mixture was incubated
overnight at 37 °C. Subsequently, 75 ml of RBCs were gently
collected from the flask, and any cellular debris was elimi-
nated through a series of differential centrifugation steps
(600g for 20 min, 1600g for 15 min, 3260g for 15 min, and
10 000g for 30 min at 4 °C). At each step, the pellet was dis-
carded, and the supernatant was transferred into a fresh tube.
The resulting supernatants were filtered through a sterile
0.45 pm nylon syringe filter. EVs were obtained through ultra-
centrifugation at 50 000g for 70 min at 4 °C. The EV pellets
were then resuspended in cold PBS, layered above a 2 ml
frozen 60% sucrose cushion, and centrifuged at 50 000g for
16 h at 4 °C, with the deceleration speed set to 0. The red layer
of EVs was collected, washed twice with cold PBS, and spun
down at 50 000g for 70 min at 4 °C. Finally, the EVs were resus-
pended in 1 ml of cold PBS and stored at 4 °C (fresh samples),
at —80 °C for 6 months (6-month samples), or at —80 °C for 1
year (1-year samples) for further analyses. Red blood cells were
obtained from five anonymized healthy volunteers (3 males, 3
females; age ranging from 36 to 59 years; mean age 50.8 years).
All experiments were performed in accordance with the
Declaration of Helsinki and were approved by the ethics com-
mittee at the A.O. Spedali Civili di Brescia, ID “EritrEV
NP5705”. Informed consent was obtained from the human
participants in this study.

2.2 Freeze-thaw cycles

Fresh RBC-EV preparations, stored at 4 °C (maximum time 1
week), were subjected to two types of freeze-and-thaw cycles:
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Light 5 cycles at —80 °C and 37 °C (water bath), 5 min each
incubation; Strong_10 cycles at —80 °C and 37 °C (water bath),
5 min each incubation, before further analyses.

2.3 Bicinchoninic acid (BCA) and Bradford assay

Protein concentrations of the samples were determined using
a Pierce™ BCA Protein Assay Kit (ThermoFisher, Rockford,
USA) and a Bradford assay kit (Biorad) following the manufac-
turers’ instructions.

2.4 Discontinuous density gradient (DSG)

DSG was carried out by adapting the protocols developed in the
previous studies.’*> RBC-EVs produced as previously
described were quantified using the Bradford assay, and then
600 pg were centrifuged at 50 000g at 4 °C for 70 min. Briefly,
RBC-EV preparations were resuspended in buffer A (10 mM
Tris-HCl, 250 mM sucrose, pH 7.4) to a final volume of 1 ml
and loaded on top of a discontinuous sucrose density gradient
(15% (600 pl), 20%, 25%, 30%, 40%, 60%, 65% (400 ul), and
70% (800 pl) sucrose in 10 mM Tris-HCl, pH 7.4). The gradient
was centrifuged at 230 000g for 16 h at 4 °C (rotor MLS 50;
Beckman Optima MAX-XP, no brake). Twelve fractions of equal
volumes (400 pl) were collected from the top of the gradient.
All fractions were diluted with 600 pl water to make them suit-
able for high-performance liquid chromatography (HPLC-grade
water, final volume 1 ml) and ultracentrifuged at 100 000g for
2 h at 4 °C (Optima MAX-XP, TLA-55 rotor, 1.5 ml polypropyl-
ene microfuge tube, Beckman). Pellets were resuspended in
100 pl of HPLC-grade water previously ultracentrifuged at
100 000g for 2 h in an Optima MAX, TLA-55 rotor, 1.5 ml poly-
propylene microfuge tubes (Beckman), and aliquoted for
further analyses.

2.5 SDS-PAGE and western blot analysis

SDS-PAGE and western blot analyses were performed
according to standard procedures.>** Both RBC-EV homo-
genates (H) and RBC-EV gradient fractions were denatured
with 6x Laemmli buffer and boiled for 5 min at 95°. A total
of 30 pg of RBC-EV homogenate was loaded, while
15 pl was loaded for each gradient fraction. Samples were
electrophoresed on 12.5% acrylamide-bisacrylamide gels and
analyzed by western blotting with the following antibodies
(at 1:500 dilution): mouse anti-Flotillin 1 (Santa Cruz
Biotechnology, clone C-2, sc-74566), rabbit anti-ADAM10
(Origene, AP05830PU-N), mouse anti-CD81 (Santa Cruz
Biotechnology, clone B11, sc-166029), mouse anti-CD9 (Santa
Cruz Biotechnology, clone C-4, sc-13118), mouse anti-TSG101
(Santa Cruz Biotechnology, clone C-2, sc-7964), mouse anti-
LAMP1 (BD Biosciences, 611042/611043), mouse anti-Annexin
V (Santa Cruz Biotechnology, clone H-3, sc-74438), rabbit anti-
Annexin XI (Genetex, CTX33010), mouse anti-Alix (Santa Cruz
Biotechnology, clone 2H12, sc-53539), mouse anti-CD45 (Santa
Cruz Biotechnology, clone 35-Z6, sc-1178), mouse anti-Integrin
alIb/ITGA2B/CD41 (Santa Cruz Biotechnology, clone B-9),
mouse anti-GAPDH (Millipore, clone 6C5), and mouse anti-
Band 3 (Santa Cruz Biotechnology, clone A-6, sc-133190).
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Mouse anti-hemoglobin A (Abnova, clone 4F9) and mouse
anti-hemoglobin B (Abnova, clone 7B12) were diluted to
1:1000. The blots were detected using a Luminata Classic
HRP western substrate (Millipore). The images were acquired
using a G:Box Chemi XT imaging system, as previously
described.*>*°

2.6 UV-VIS spectroscopy

RBC-EV gradient fractions were collected and treated as
described above. Resuspended pellets were analyzed for the
presence of hemoglobin by measuring the absorbance at
414 nm with a UV-VIS spectroscopy Nanodrop spectrophoto-
meter (Thermo Scientific) as previously described.*”

2.7 Colorimetric nanoplasmonic (CONAN) assay

The purity of RBC-EV preparations from soluble contaminants
was tested with the CONAN assay according to Zendrini
et al.*®*® The assay is a colorimetric test that exploits the
aggregation of citrate-capped gold nanoparticles (AuNPs) onto
the EV membrane and the formation of a protein corona on
the AuNP surface to detect soluble proteins in EV prep-
arations.*® Results of the assay were collected on an Ensight
MultiMode Reader (PerkinElmer). Measurements were per-
formed for each sample in triplicate and expressed as the
mean of three replicates + standard deviation.

2.8 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) imaging was performed with a
Nanosurf NaioAFM equipped with a Multi75-AI-G tip (Budget
Sensors). For sample preparation, RBC-EV (bulk) pellets were
resuspended in 100 pL of sterile H,O (Milli-Q, Merck Millipore)
and diluted 1:10 in H,O. 5 pL of the sample were then spotted
onto freshly cleaved mica sheets (Grade V-1, thickness 0.15 mm,
size 15 x 15 mm®) and air-dried at 37 °C for 10 min. Images
were acquired in tapping mode, with a scan size ranging from
1.5 to 25 mm and a scan speed of 1 s per scanning line.*® Image
processing was performed on Gwyddion ver. 2.61.

2.9 Nanotracking particle analysis (NTA)

RBC-EV preparations were resuspended in 100 pl of sterile
HPLC-grade water (Milli-Q; Merck Millipore) for characteriz-
ation by Nanoparticle Tracking Analysis (NTA) using a
NanoSight NS300 system (Malvern, Panalytical Ltd, Malvern,
UK) to evaluate the concentration and size distribution of EVs.
The system was equipped with a Blue488 laser and an sCMOS
camera. Before sample analysis, filtered PBS (filtered with pore
size 0.2 pm) was analysed for particle contamination. For the
analysis, all samples were diluted in filtered PBS (1:1000) to a
final volume of 1 ml to obtain the optimal particle number per
frame value (20-120 particles per frame). EVs were injected
into the sample chamber through a Nanosight syringe pump
(Malvern Panalytical Ltd, Malvern, UK) that provides a continu-
ous flow (50 pl min™") using a 1 ml syringe at room tempera-
ture. Recordings of the movements of particles were performed
for 60 s, five times for each sample, at a camera level of 12
using the best detection threshold. The mean, mode, and

This journal is © The Royal Society of Chemistry 2026
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median EV sizes from each video were used to calculate the
sample concentration, expressed in particles per m1.>°

2.10 Interferometric nanoparticle tracking analysis (iNTA)

Samples (at least 3 biological replicates for each point ana-
lyzed) were diluted to 1:100 and analyzed using the iNTA
instrument.®® An iNTA measurement setup was utilized for
particle analysis.”® Measurements were conducted using IBIDI
p-Slide 18-well chambered cover glasses, which were plasma-
cleaned and passivated with an mPEG2000-Silane (Laysan Bio)
solution.*® The microscope focus was adjusted to 1 pm above
the cover glass, and 100 pL of diluted RBC-EVs were observed
over 30 min. Measurements were performed at 10 kHz with a
50 ps exposure time. The field of view (FOV) was 6 X 6 pm?.
Particle size was derived from the diffusion constant.
Contrast'” was calculated as the ratio of the scattered field to
the reflected field.

2.11 MDA-MB-231 cell culture

The MDA-MB-231 cell line was purchased from the American
Type Culture Collection (ATCC; Manassas, VA, USA). For
culture maintenance, cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) with 4.5 g L™' glucose,
t-glutamine and sodium pyruvate (Corning, USA), sup-
plemented with 1% penicillin-streptomycin and 10% fetal
bovine serum (FBS, EuroClone S.p.A., Italy).

2.12 RBC-EV labelling

RBC-EV labeling with MemGlow™ 488 was performed follow-
ing the standard customer protocols as previously described.®
Briefly, fresh, 6-month, and Strong F-T RBC-EV samples (10"
particles per sample) were incubated with 5 ul of MemGlow™
488, 100 nM, for 15 min at RT (final volume 1 ml in PBS), and
then excess MemGlow™ 488 was removed by ultracentrifuga-
tion (100 000g, 2 h, Optima MAX-XP equipped with a TLA-55
rotor, Beckman Coulter, USA). Before cell treatments, pellets
were resuspended in 500 pl DMEM serum-free medium.

2.13 Flow cytometry

MDA-MB-231 cells were seeded in a 12-well plate, 4 x 10> cells
per well, in 1 ml of complete medium. After 24 h,
MDA-MB-231 cells were washed twice with PBS and incubated
for either 30 min or 4 h with MemGlow™ 488-stained fresh/
6-month/strong F-T RBC-EVs (10" RBC-EVs per well; 500 pl
final volume), unstained fresh RBC-EVs (10'' RBC-EV), or
MemGlow™ 488 fluorescent dye without RBC-EVs. The treat-
ment with MemGlow™ 488 fluorescent dye without EVs was
performed to exclude any possible nonspecific fluorescent
signals. Untreated cells were used as a negative control. After
incubation, cells were washed with PBS and treated with 200 pl
of 0.25% trypsin-EDTA (Corning, USA) for 1 min at 37 °C to
remove externally bound EVs and to detach the cells from the
culture vessel. After trypsin treatment, cells were resuspended
in 500 pl of DMEM medium supplemented with 5% fetal
bovine serum and centrifuged at 800g for 5 min. Pellets were
resuspended in 200 pl of serum-free DMEM and analyzed by

This journal is © The Royal Society of Chemistry 2026
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flow cytometry. Flow cytometry acquisition was performed on
FACSCanto™ II (BD, Franklin Lakes, NJ) from at least 2 x 10*
events/tube, excluding debris, dead cells and doublets. Data
were processed using FlowJo v10.6.2 software (TreeStar,
Ashland, OR). The results were expressed as the difference
between the median fluorescence intensity of cells incubated
with MemGlow™ 488-stained RBC-EVs and that of the corres-
ponding untreated control (AMFI).

2.14 Acetylcholinesterase activity assay

Acetylcholinesterase activity was assessed by standard
procedures.®>>® Briefly, 3 x 10° particles of fresh RBC-EVs,
6-month RBC-EVs stored at —80 °C and after Strong F-T treat-
ment, were diluted in 60 pl of PBS without calcium and mag-
nesium and incubated with 1.25 mM acetylthiocholine (Sigma-
Aldrich) and 0.1 mM 5,5-dithio-bis(2-nitrobenzoic acid) in a
final volume of 1 ml. The incubation was carried out in 96-well
plates at 37 °C, and the change in absorbance at 415 nm was
monitored at 0, 10, 20, 30, and 60 min. Absorbance was
measured with a Model 680 spectrophotometer (Bio-Rad,
USA). Data are presented as the mean of three technical repli-
cates + standard deviation (SD).

2.15 Statistical analysis

For the iNTA and flow cytometry analyses, statistical analysis was
performed using Student’s #-test: **p value < 0.01, ***p value <
0.001, ****p value < 0.0001, ns = not significant. For the
measurements of the mean diameters of the RBC-EV fractions
calculated with NTA, the statistical analysis was performed with
ordinary one-way ANOVA. ****p value < 0.0001. All statistical ana-
lyses were performed using GraphPad Prism software.

3. Results and discussion
3.1 Fresh RBC-EV production and characterization

Red blood cell-derived EVs (mean concentration: 9 x 10" + 3 x
10° RBC-EVs per ml, measured by NTA) were obtained follow-
ing the protocol described by Usman et al.'® from the RBCs of
five healthy volunteers (three males and three females, aged
from 36 to 59 years, with a mean age of 50.8 years) and stored
at +4 °C for a maximum of 1 week (fresh). Preparations were
characterized according to the most updated guidelines.>* In
particular, western blot analysis was used to identify the pres-
ence or absence of specific protein markers. Specifically,
RBC-EVs were found to express Band 3, GAPDH, hemoglobin
subunit § (HBB), hemoglobin subunit a (HBA), Flotillin-1,
Annexin V, LAMP-1, Annexin XI, and ADAM10. Among these,
Band 3, HBB, and HBA are specific markers of RBC-EVs, while
the others represent common markers of EVs."'»** In con-
trast, the RBC-EV preparations did not express CD45, a typical
marker of leukocytes, nor CD41, a platelet-specific marker,
indicating that the RBC-EV preparations were free from con-
tamination by other blood components.”® Additionally, the
RBC-EVs lacked the tetraspanins CD9 and CD81, which aligns
with findings in the existing literature®® (Fig. 1A). The

Biomater. Sci,, 2026, 14,122-139 | 125
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Fig. 1 Fresh RBC-EV characterization. (A) Biochemical characterization of RBC-EVs stored at 4 °C for 1 week (fresh) preparations; M = marker; H =
cellular homogenate (30 pg). (B) Size distributions of fresh RBC-EVs. Size distributions obtained by Nanoparticle Tracking Analysis (NTA). (C)
Identification of two subpopulations by western blot of Discontinuous Sucrose Gradient (DSG) fractions of fresh RBC-EV preparations. Proteins
detected are Band 3 anion transport protein (BAND3) and hemoglobin subunit ; RBC-EV homogenate loaded (30 pg). Green box: RBC-EV fractions
with a density from 1.16 to 1.31 g cm~>; orange box: RBC-EV fractions with a density of 1.36 g cm™. (D) Size distribution and contrast measurements
of fresh RBC-EVs obtained with iNTA. (E) Identification of two fresh RBC-EV subpopulations with different sizes and contrast by iNTA. Orange dots:

EVs with a size from 30 to 100 nm and contrast below 0.7; blue dots: EVs with a size from 101 to 300 nm and contrast from 0.71 to 1.4.
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Bradford assay and the Colorimetric Nanoplasmonic (CONAN)
assay"®*? (Fig. S1A and B) were used to determine protein con-
centration and the absence of soluble protein contaminants,
respectively, while Atomic Force Microscopy (AFM) was
implemented to investigate the morphology of the nano-
objects in the preparations (SI Fig. S1C). The data were in
accordance with our previous works.®*” In addition, the
samples were analyzed for their nanoparticle size distribution
using Nanoparticle Tracking Analysis (NTA). The results shown
in Fig. 1B highlighted that, with this analytical technique, we
cannot detect significant differences in terms of subpopu-
lation heterogeneity since all samples showed a median homo-
geneous distribution around 165 + 13.2 nm. These data were
in contrast with previous findings about freshly isolated
RBC-EVs stored at +4 °C,?! indicating that, probably, conven-
tional NTA alone may not be the best option to investigate sub-
population heterogeneity. Therefore, different methods with
higher sensitivity and better resolution are needed.**>®

3.2 Orthogonal methods reveal heterogeneity in freshly
isolated RBC-EVs

In order to investigate the heterogeneity of RBC-EV preparations,
two different bio-orthogonal techniques were introduced: discon-
tinuous sucrose density gradient (DSG), which allows differen-
tiation of RBC-EVs on their density*"** and interferometric NTA
(INTA). According to the recent literature, different RBC-EV popu-
lations can be identified using optical methods.>® We, thus,
decided to perform iNTA analysis on the RBC-EV preparations.
This method allowed us to differentiate nanoparticles by their
size and interferometric contrast (contrast'?). In addition, this
method has been demonstrated to exhibit higher sensitivity and
better resolution for determining the size distribution of small
nanoparticles compared to conventional NTA.*%3°

Fresh RBC-EV preparations were loaded on top of a DSG
separately and centrifuged for 16 h at 230 000g. Twelve frac-
tions of equal volume (400 pl) were collected, processed as
described in Materials and Methods, and analyzed for their
biomolecular profile, density,"”*° particle number and size
distribution. As shown in Fig. 1C, western blot analysis for
typical RBC-EV markers Band 3 and HBB'®?"*® of the 12 frac-
tions revealed the presence of two subpopulations: one distrib-
uted within fractions bearing densities from 1.16 to 1.31 g
em ™ (fractions 6-9, green box) and the other with a density
around 1.36 g cm™> (fractions 11 and 12, orange box). Band 3
and HBB signals, both in the monomeric form (detected at
15 kDa) and dimeric form (detected at 30 kDa), were perfectly
matching across the fractions. The hemoglobin distribution of
RBC-EVs in the DSG fractions was also analyzed by UV-VIS
spectroscopy absorbance at 414 nm. Results confirmed the dis-
tribution highlighted in the western blot with a peak of
absorption in fraction 7 (SI Fig. S2A). NTA analysis of DSG frac-
tions confirmed an enrichment of nanoparticles in fractions
6-7 (SI Fig. S2B), and the BCA assay confirmed the presence of
proteins, especially in fraction 7 (SI Fig. S2C).

Measurements on fresh samples obtained with iNTA
aligned perfectly with the DSG distribution, even though the

This journal is © The Royal Society of Chemistry 2026
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two methods assess different physical and chemical pro-
perties, since DSG focuses on density, while iNTA measures
contrast and size distribution.

As shown in Fig. 1D and E, RBC-EVs showed a bi-modal dis-
tribution when contrast'’® is plotted vs. hydrodynamic size for
each nanoparticle. We could demonstrate the presence of two
subpopulations: one with contrast® below 0.7 and a size dis-
tribution mostly below 100 nm (Fig. 1E, orange dots, lower
subpopulation) and another with contrast® above 0.7 and a
size distribution mostly above 100 nm (Fig. 1E, blue dots,
upper subpopulation).

3.3 Long-term storage conditions at —80 °C affect RBC-EV
heterogeneity

With the objective of homogenizing RBC-EVs for use as a stan-
dardized biomaterial, we evaluated whether long-term storage
at —80 °C could affect this parameter. We conserved RBC-EV
preparations for 6 months at —80 °C (6-month samples) or 1
year at —80 °C (1-year samples).

We next evaluated subpopulation heterogeneity, applying the
same orthogonal methods as for the fresh samples. First, com-
pared to the fresh sample (Fig. 2A), the 6-month sample showed
a different distribution among the DSG fractions in western blot:
protein signals in fractions at higher density (11 and 12) were no
longer present (Fig. 2B). Instead, both Band 3 and HBB
remained distributed in fractions 6-8, with an additional pres-
ence in lighter fractions, particularly fractions 4 and 5 (density
1.09-1.12 g cm™®). This shift was especially noticeable for the
Band 3 signal (detected at 95 kDa) and the monomeric form of
hemoglobin (detected at 15 kDa) (Fig. 2B, blue box). These
results were confirmed through spectroscopic analysis of the
hemoglobin content that showed a peak of absorption in frac-
tion 5 (SI Fig. S2A). NTA measurements indicated an enrichment
of nanoparticles in fractions 4 and 5 (SI Fig. S2B), at higher con-
centrations with respect to the fresh samples. Likewise, the BCA
assay confirmed a higher protein concentration in fraction 5
relative to the fresh sample (SI Fig. S2C).

A similar trend was observed for the 1-year sample, which
showed an even more pronounced narrowing of the RBC-EV
distribution in the DSG fractions (from fractions 4 to 7; corres-
ponding to a density of 1.09-1.21 g cm™) (Fig. 2C, black box)
and a consequential disappearance of the Band 3 signal from
fractions 8 and 9 and a reduction of the hemoglobin signal in
these two fractions. Uncropped versions of the western blot
images described so far can be found in SI Fig. S3A-C.

Spectroscopic analysis of the hemoglobin content aligned
perfectly with these observations, confirming a decrease in the
hemoglobin in these two fractions (SI Fig. S2A) and an
increased signal in fractions 5 and 6 compared to the fresh
sample. NTA and protein measurements confirmed the results
with an increased concentration of nanoparticles in fractions 4
and 5 and in fractions 5 and 6, respectively, compared to the
fresh sample (SI Fig. S2B and C).

In addition, NTA analysis of DSG fractions from 4 to 7 high-
lighted changes in size distribution between the three RBC-EV
preparations. Indeed, DSG fractions of the fresh RBC-EV
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Fig. 2 Gradient distribution of RBC-EVs under different storage conditions. Western blot of RBC-EVs after DSG; equal volumes (15 pL) of each frac-
tion (1-12) for (A) fresh, (B) 6-month, and (C) 1-year samples were loaded; 30 pg of RBC-EV homogenate samples were loaded. Samples were elec-
trophoresed on 12% SDS-PAGE gel (acrylamide/bis-acrylamide) and analyzed with the antibodies described in the figures. Uncropped WBs are avail-
able in the SI (Fig. S3). Each fraction density is indicated in g cm™>. Protein molecular weight marker (M) indicated on the left of the gel (kDa).
RBC-EV subpopulations with different gradient distributions are indicated in colored boxes: (A) green box: fractions 6—9; orange box: fractions

11-12; (B) blue box: fractions 4-9; and (C) black box: 4-7.

samples showed the presence of two statistically significant
subpopulations in fractions 4-5 compared to fractions 6-7 (SI
Fig. S4A). Particles in fractions 4-5 exhibit a mean size of 123 =+
51 nm, while particles in fractions 6-7 exhibit a mean dia-
meter of 170 + 10 nm (SI Fig. S4B). On the other hand, the
6-month and 1-year samples did not exhibit the dual size dis-
tribution in fractions 4-5 and 6-7 observed in the fresh
samples (SI Fig. S4C-F).

128 | Biomater. Sci., 2026, 14, 122-139

Taken together, these data indicate that the RBC-EV sub-
populations undergo significant changes in their distribution
and composition during long-term storage, with a shift toward
lighter fractions, reduced density and modulated size of the
particles, suggesting potential alterations in RBC-EV hetero-
geneity over time.

iNTA measurements further corroborated these data,
showing that the separation into two distinct subpopulations

This journal is © The Royal Society of Chemistry 2026
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becomes significantly less prominent in samples that have
been stored at —80 °C. Nevertheless, we can quantify the rela-
tive amount of nanoparticles with contrast'® above and below
0.7 in all samples.

The fresh sample (Fig. 3A) showed that around 70% of the
relative concentration of RBC-EVs was found in the upper

Fresh

6-month

A) " B) ~
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population (Fig. 3G, contrast'® > 0.7, blue dots), while 30%
was distributed in the lower population (Fig. 3G, contrast'/® <
0.7, orange dots).

The 6-month sample showed an opposite distribution com-
pared to the fresh sample (Fig. 3B and E): fewer nanoparticles
were distributed in the upper population (Fig. 3G, contrast'® >
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Fig. 3 Interferometric NTA (iNTA) analysis. Fresh (A), 6-month (B), and 1-year (C) samples were analyzed by iNTA. Images represent size distribution
(x-axis) and contrast (y-axis) of the nanoparticles. Nanoparticle subpopulations grouped by contrast in fresh (D), 6-month (E), and 1-year (F)
samples. The green line represents a contrast'/® value of 0.7. Nanoparticle distribution determined for contrast’> >0.7 (blue dots, upper population)
or <0.7 (orange dots, lower population). (G) Relative quantification of nanoparticles present in the upper (contrast’® >0.7) and lower (contrast/>

<0.7) population for fresh, 6-month, and 1-year samples. Statistical analysis using Student's t-test: ****p value < 0.0001.
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0.7, blue dots) compared to the fresh sample, with their rela-
tive concentration decreasing to 20% (Fig. 3G, blue dots).
Meanwhile, the relative concentration of the lower population
(contrast'”® < 0.7) increased to 80% of the total nanoparticles
analyzed (Fig. 3G, p < 0.0001). This trend was even more pro-
nounced in the 1-year sample: only 10% of nanoparticles were
distributed in the upper population, while 90% were found in
the lower population. The shift in distribution between the
6-month and 1-year samples was also statistically significant
(Fig. 3G, p < 0.0001).

These data are in accordance with the DSG distribution and
confirm that storage reduces the heterogeneity of RBC-EVs.
Over time, the two distinct subpopulations gradually merge
into a more uniform population in terms of density and con-
trast’?, with this shift becoming more pronounced in a time-
dependent manner.

3.3 Freeze-thaw cycles decrease RBC-EV heterogeneity

To develop a method that ensures consistent conditions in
RBC-EV preparations similar to those found in long-term stored
samples, without the need for prolonged storage, we exposed
fresh samples to two different types of freeze/thaw (F-T) cycles.
The first treatment, labeled “Light F-T”, involved 5 cycles at
—80 °C and 37 °C, each lasting 5 min. The second treatment,
labeled “Strong F-T”, involved 10 cycles at the same tempera-
tures and duration. The samples were then analyzed by DSG to
biochemically confirm the changes in the density distributions
and by iNTA to assess changes in the relative concentrations in
terms of contrast'? of the subpopulations of RBC-EVs. Notably,
the Light F-T and Strong F-T treatments did not alter signifi-
cantly the overall nanoparticle concentrations of samples as
checked by iNTA (SI Fig. S5A). DSG processing of Light F-T and
Strong F-T samples revealed that the two treatments induced
changes in the distribution within the gradient fractions with
the fresh sample. After Light F-T treatment, we could still
observe the presence of two subpopulations (Fig. 4A): one in
fractions 5 to 9 (blue box, density from 1.11 to 1.31 g cm ™) and
another in fractions 11 and 12 (orange box, density 1.35 g cm™>).
Light F-T samples presented a wider distribution in lighter frac-
tions compared to fresh samples. Notably, fraction 5 (1.11 g
em™) in Light F-T samples contained both RBC-EV markers,
Band 3 and HBB, whereas fresh samples never reached this
density. In fresh samples, the lighter fraction containing both
Band 3 and HBB was fraction 6, with a density of 1.16 g cm™
(Fig. 1C). Additionally, the HBB present in fraction 5 of the Light
F-T sample was also different from the fresh sample in fraction
6. The fresh sample in fraction 6 contained both the monomeric
and dimeric forms of HBB, according to the molecular weights
of the bands, while Light F-T fraction 5 contained only the
monomeric form of HBB. This trend was also observed in the
lighter fractions of the 6-month and 1-year samples (Fig. 2B and
C). It has been demonstrated that the environment can influence
hemoglobin structural changes.® We hypothesize that, under
our experimental conditions, the monomeric form of HBB could
be associated with EVs in a more stable manner than the
dimers. Further studies are needed to assess the topology of
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HBB associated with RBC-EV: if it is considered cargo or part of
the RBC-EV “biomolecular corona”.’” The trend described for
the Light F-T sample was even more pronounced in the Strong
F-T sample. We could observe a signal of RBC-EV also in frac-
tion 4 (density 1.09 ¢ cm™>) (Fig. 4B, blue box), and both frac-
tions 4 and 5 contained only the monomeric form of HBB. On
the other hand, the distribution in the denser fractions also
shifted compared to the Light F-T and fresh samples. Fraction
11 (1.35 g cm ™) was no longer populated, and both Band 3 and
HBB (monomeric form) were retained only in fraction 12
(Fig. 4B, orange box). Uncropped versions of the western blot
images of Light F-T and Strong F-T can be found in SI Fig. S6A
and B. Notably, the DSG factions 4 and 7 of the Strong F-T
sample contained intact vesicles as verified by AFM, indicating
that the F-T processes did not alter the morphology of nano-
particles and that changes in DSG fractions are not due to
enrichment of cellular debris (SI Fig. S5B and C).

These results suggest that both Light F-T and Strong F-T
treatments reduce the heterogeneity of RBC-EV preparations in
a “dose-dependent manner”, where the intensity of the treat-
ment correlates with a greater degree of change. The observed
trend indicates a shift in distribution that more closely
resembles the pattern seen in the 6-month sample. This shift
is also reflected in iNTA measurements. In the Light F-T
samples, the relative concentration of EVs in the Upper sub-
population (contrast’?> > 0.7) decreased from 70% to 65%,
while the Lower subpopulation (contrast'? < 0.7) increased
from 30% to 35%, though this difference was not statistically
significant compared to fresh samples (Fig. 5B, E and G).
However, in the Strong F-T sample, the effect was more pro-
nounced, with a statistically significant shift to 25% in the
upper subpopulation and 75% in the lower subpopulation
compared to Light F-T (Fig. 5C, F and G).

Notably, iNTA data provided quantitative confirmation of
the changes observed in DSG distribution. The Strong F-T
treatment altered the physico-chemical properties of the fresh
samples, making their density and contrast more similar to
those of 6-month stored samples. The distribution between
the upper and lower populations in the 6-month and the
Strong F-T samples was not statistically different, with median
relative concentrations of 20% and 25% in the upper subpopu-
lation and 80% and 75% in the lower subpopulation, respect-
ively (Fig. 3G and 5G).

We hypothesized that F-T cycles act as an “accelerated
ageing” method, reducing sample heterogeneity by mimicking
the effects of long-term storage in a shorter time.

Accelerated ageing is a strategy usually applied to a wide
variety of samples: synthetic microparticles®® and nano-
particles,”> organic®® and synthetic® polymers,”® plant
seeds,®® and pharmaceuticals.”” Samples are subjected to
different types of treatments.®” The evaluation of the changes
induced helps in the determination of the long-term effects of
expected levels of stress within a shorter time®® and to select
samples with determined characteristics and performances.®®

Size distribution is a physicochemical characteristic that
can be modified after different long-term storage conditions,

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Gradient distribution of RBC-EVs after freeze—thaw cycles. Equal volumes (15 pl) of each fraction for both Light freeze—thaw cycles (Light
F-T, A) and Strong freeze—thaw cycles (Strong F-T, B), 30 pg of RBC-EV homogenate (RBC-EV) samples were loaded. Samples were electrophoresed
on 12% SDS-PAGE gel (acrylamide/bis-acrylamide) and analyzed for the antibodies described in the figures. Uncropped WBs are available in the SI
(Fig. S6). Each fraction density is indicated in g cm~. RBC-EV subpopulations with different gradient distributions are indicated in colored boxes: (A)
blue box: fractions 5-9; orange box: fractions 11-12; (B) blue box: fractions 4-9; and (C) blue box: fraction 12.

both for EVs® and synthetic nanoparticles.”’ In addition,
accelerated ageing can be applied to control this parameter in
synthetic materials.®

Building on this, we used iNTA to investigate the differ-
ences in the size distribution of nanoparticles in the five
RBC-EV samples: fresh, 6-month, 1-year, Light F-T, and Strong
F-T. In the fresh sample (Fig. 3A), two distinct subpopulations
- below 100 nm (30-100 nm Fig. 6A and B; purple histograms)
and above 100 nm (Fig. 6A and C; green histograms) - were
easily distinguishable. Using these defined size ranges, we
quantified the number of EVs in all samples.

As shown in Fig. 6A, the fresh sample has a relative quantifi-
cation of 0.16 for particles below 100 nm (purple histogram)
and 0.84 for particles above 100 nm (green histogram). After

This journal is © The Royal Society of Chemistry 2026

6 months and 1 year of storage at —80 °C, the size distribution
of RBC-EVs shifted significantly. Specifically, the relative quanti-
fication of the subpopulation below 100 nm increased to 0.42 in
the 6-month sample and to 0.36 in the 1-year sample, both stat-
istically significant compared to the fresh sample (Fig. 6A and
B). Consequently, the subpopulation above 100 nm decreased to
0.58 in the 6-month sample and 0.64 in the 1-year sample
(Fig. 6C). These results indicate that long-term storage alters the
relative size distribution of the RBC-EV nanoparticles, leading to
an increased proportion of smaller particles.

This trend is further supported by the accelerated ageing
process, as the Strong F-T sample exhibited a statistically sig-
nificant increase in the relative quantification of particles
below 100 nm compared to the fresh and Light F-T samples.

Biomater. Sci, 2026, 14,122-139 | 131
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Fig. 5 Size distribution and contrast evaluation of RBC-EVs after freeze—thaw cycles. Analysis by iNTA of fresh (A), Light F-T (B), and Strong F-T (C)
samples. Images represent size distribution (x-axis) and contrast (y-axis) of the nanoparticles. Nanoparticle subpopulations grouped for their con-
trast in fresh (D), Light F=T (E), and Strong F—T (F) samples. The green line represents a contrast'/® value of 0.7. Nanoparticle distribution determined
for contrast*’® >0.7 (blue dots, upper population) or <0.7 (orange dots, lower population). (G) Relative concentration of nanoparticles present in the
upper (contrast’® >0.7) and lower (contrast’® <0.7) populations for fresh, 6-month, and 1-year samples. Statistical analysis using Student’s t-test:
****p value < 0.0001.

Specifically, the proportion rose from 0.16 in the fresh sample This effect has been described in liposome synthesis where
and 0.14 in the Light F-T sample to 0.37 in the Strong F-T extrusion, sonication, or ultrasound’" are used to break up
sample (Fig. 6A and B). Taken together, these data demon- multilamellar lipid vesicles and reduce liposome size.”” As for
strate that after the Strong F-T treatment, RBC-EV physico- density and contrast, we hypothesize that freezing processing
chemical characteristics resemble those of the sample stored could perturb RBC-EVs, and at room temperature, the vesicles
for 6 months at —80 °C. tend to reform at a smaller size. Freezing typically leads to the
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Fig. 6 Size distribution evaluation of RBC-EVs after different storage times and F-T cycles. Characterization of RBC-EVs with iNTA. (A) Relative
quantification of nanoparticles with a diameter ranging from 30 to 100 nm (purple bars) and from 101 to 300 nm (green bars). (B) Statistical analysis
(ANOVA test) of changes in the size distribution for nanoparticles from 30 to 100 nm, (C) Statistical analysis of nanoparticles from 101 to 300 nm. **p

value < 0.01; ***p value < 0.001.

formation of ice crystals, which can physically rupture cellular
membranes or nanoparticles,”® including vesicles such as
RBC-EVs. This mechanical stress could result in the break-
down of larger vesicles or a reduction in their size. Upon F-T
processing, the two EV subpopulations might mix and
reassemble in a more compact form, leading to a reduction in
their size.”* This process may be a stochastic one, as the phos-
pholipid bilayer could reform spontaneously, potentially
driven by its amphiphilic nature and geometry, associating in
an aqueous environment to form membranes” rather than
relying on active molecular machinery (i.e., the endosomal
sorting complex required for transport (ESCRT) machinery for

This journal is © The Royal Society of Chemistry 2026

EV biogenesis)’® responsible for vesicle formation. Compared
to their original state, this reorganization could result in
smaller and less dense particles, generated by random encap-
sulation events.”” Moreover, the results observed in this study
are consistent with findings in other nanoparticle systems,
including other types of extracellular vesicles (e.g., plasma
EVs),°>”® where freezing and thawing can significantly alter
size distribution and lead to a narrowing of the size range. The
observed trend in RBC-EVs suggests that the size reduction
and narrowing of size distribution over prolonged storage or
freeze-thaw cycles might be a general phenomenon that could
affect various types of EVs or lipid-based nanoparticles.
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In conclusion, by measuring density, contrast'? and size
distribution, we showed that Strong F-T treatment produces
RBC-EVs with properties resembling those of long-term stored
samples. This approach may be useful for studying storage-
related changes or for selecting samples that mimic long-term
stored EVs.

3.4 Accelerated ageing influences RBC-EV cellular uptake but
not their surface protein activity

It has been demonstrated that the biophysical and biochemi-
cal properties of biogenic®®’® and synthetic nanoparticles’**
influence their biological activities. In order to analyze if the
modifications induced in RBC-EV preparations after prolonged
storage and accelerated ageing could affect their interaction
with cells and surface protein activity, we analyzed their cellu-
lar uptake and enzymatic activity. To assess their interaction
with cells, we incubated equal particle numbers of fluores-
cently labelled RBC-EV from fresh, 6-month, and Strong F-T
with triple-negative breast cancer MDA-MB-231 cells for
30 min and 4 h. Indeed, we previously demonstrated signifi-
cant uptake of RBC-EVs by this cell line.® Flow cytometry was
performed to quantify RBC-EV uptake. Analyses revealed that
fresh RBC-EVs were internalized by MDA-MB-231 cells to a
greater extent than 6-month and Strong F-T RBC-EVs at both
shorter (30 min) and extended (4 h) time points. No significant
differences were observed between the uptake of 6-month and
Strong F-T EVs, thus suggesting that the protocol including
freeze-thaw cycles effectively mimics the prolonged storage at
—80 °C (Fig. 7A and B). Any nonspecific fluorescent signals
arising from possibly increased cell autofluorescence due to
EV internalization or from unbound MemGlow™ 488 fluo-
rescent dye can be excluded: indeed, the signals from the
aforementioned two experimental controls perfectly overlay the
signals of the negative control, i.e., untreated cells (SI Fig. S7).
It is worth noting that after 4 h of incubation, the positivity of
cells increases four times, regardless of the experimental con-
ditions (Fig. 7B). These results indicated that narrowing the
heterogeneity of RBC-EVs can influence their interaction with
target cells.

In addition, we aimed to verify whether prolonged storage
and F-T cycles affect the surface proteins present on the exter-
nal membrane of RBC-EVs. To test this, we analyzed the
activity of acetylcholinesterase, a glycoprotein with enzymatic
activity®" present on the surface of red blood cells and thus on
RBC-EVs,* in fresh, 6-month, and Strong F-T cycle samples.
As shown in Fig. 7C and SI Fig. S8, there were no significant
differences in the enzymatic activity among the analyzed
samples, indicating that the biological activity of enzymes
present on the surface of the RBC-EVs is altered neither by pro-
longed storage nor by Strong F-T cycles. This finding suggests
two important points: (1) the reduced cellular uptake of stored
EVs is likely due to factors other than surface enzyme degra-
dation and (2) the preservation of AChE activity highlights the
robustness of the RBC-EV membrane’s functional integrity.
However, while AChE activity was maintained, further studies
should analyze other surface proteins for a comprehensive

This journal is © The Royal Society of Chemistry 2026
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evaluation and comparison with other proteins that could
be either transmembrane or part of the biomolecular

corona.®8%84

4. Conclusions

EVs are diverse nanoparticles with large heterogeneity in size
and molecular composition. Although this heterogeneity pro-
vides high diagnostic value for liquid biopsy and confers many
exploitable functions for therapeutic applications in cancer
detection, wound healing and neurodegenerative and cardio-
vascular diseases, it has also impeded their clinical trans-
lation. Heterogeneity, therefore, acts as a double-edged sword
in the development of EV-based applications.?>%°

The development of EVs as advanced biomaterials is
affected by this complexity, posing several bioprocessing chal-
lenges.”® New and standardized technologies, informed by a
better understanding of their physicochemical landscape, are
required for their translation into starting materials for bio-
medical technologies and marketable products.>®

In this study, we developed an “accelerated-ageing” method
based on freeze-thaw cycles that drives RBC-EV samples into
highly homogeneous preparations in terms of density, size dis-
tribution, and biological activity, effectively mimicking the bio-
physical characteristics of preparations stored for 6 months at
—80 °C. Our findings highlight that long-term storage effec-
tively reduces RBC-EV heterogeneity, leading to a shift towards
smaller and less dense particle subpopulations. Furthermore,
our experiments showed that the reduced heterogeneity and
smaller size of RBC-EVs, induced by either long-term storage
or F-T cycles, impacted their cellular uptake in a similar way.
This suggests that the subpopulation present in fresh RBC-EVs
that is able to afford the highest uptake yield is the most
unstable under different storage conditions.

In conclusion, freezing-induced accelerated ageing provides
a robust pathway toward standardized and optimized RBC-EV
preparations. This method represents a critical step in translat-
ing these vesicles into reliable building blocks for biomaterial,
bioengineering, and therapeutic applications. The full realiz-
ation of this potential, encompassing applications like tar-
geted drug delivery, now hinges on future studies with
expanded donor cohorts (spanning different ages, genders and
health conditions). Moreover, dedicated application-focused
testing such as drug encapsulation efficiency studies, release
kinetic assessments, and comparisons with other stabilization
techniques (e.g., lyophilization with or without additives) will
be key to optimizing RBC-EV formulations for translational
and therapeutic applications.

Overall, our results underscore the importance of consider-
ing storage and processing conditions when preparing
RBC-EVs for research or clinical applications, as these factors
can significantly alter their properties and behavior.®® The F-T
cycle method offers a valuable tool for simulating long-term
storage effects, which is crucial for drug development.
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The observed phenomena could be attributed to both
extrinsic and intrinsic stochastic effects. Stochastic reactions
can be simulated in silico by considering the number of mole-
cules in a reacting system (e.g., the aqueous vesicle core) and
calculating the probability of any possible reaction taking
place accordingly. This opens a new perspective for using our
model in “Synthetic Biology”®”"®® experiments, representing
concrete steps towards the identification of key active bio-
molecules/properties that determine EV mechanisms of action
across different EV subtypes.
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