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Extracellular vesicles (EVs) are a potent intercellular
communication system. Such small vesicles transport
biomolecules between cells and throughout the body, strongly
influencing the fate of recipient cells. Due to their specific
biological functions they have been proposed as biomarkers for
various diseases and as optimal candidates for therapeutic
applications. Despite of their extreme biological relevance, their
mechanisms of interaction with the membrane of recipient
cells are still hotly debated. Here we propose a multiscale
investigation based on Atomic Force Microscopy, Small Angle
X-ray Scattering, Small Angle Neutron Scattering and Neutron
Reflectometry to reveal structure-function correlations of
purified EVs in interaction with model membrane systems of
variably complex composition, to spot the role of different
membrane phases on the vesicles internalization routes. Our
analysis reveals a strong interaction of EVs with the model
membranes and preferentially with the borders of protruding
phase domains. Moreover, we found that upon vesicle
breaking on the model membrane surface, the
biomolecules carried by/on EVs diffuse in a way that
departs from the expected simple fusion. The biophysical
platform proposed here has clear implications on the
modulation of EVs internalization routes by targeting
specific domains at the plasma cell membrane and, as a
consequence, on EVs-based therapies.

Introduction

Extracellular vesicles (EVs) are nanosized, cell-derived
vesicles devoted to the transport of macromolecules,
metabolites and nutrients throughout the body. In the last
15 years they received increasing attention due to their
fundamental role in intercellular communication. * EVs are
ubiquitously involved in most physiologically relevant
processes and according to their biogenesis, size, structure
and composition can be separated in three main classes:
exosomes, microvesicles and apoptotic bodies. Since the
isolation processes usually bring to the co-isolation of
vesicles belonging to different classes, here we will follow
MISEV notation based on size, referring to small EVs (sEVs)
and large EVs (LEVs).2 Notably, they contain specific
signatures from the originating cells and can strongly
influence the fate of the recipient cells. Hence, EVs have
been proposed as biomarkers in several diseases. 36
Moreover, their natural biocompatibility, their biological
function and their small size make them optimal candidates

as therapeutic agents in several frameworks ranging from
immune therapy to vaccination, from regenerative medicine
to drug delivery. 78 Still, despite their recognized biomedical
relevance, the field is not yet fully mature and more in-depth
studies are required to understand EV physiology. In
particular, the correlation of biophysical and biochemical
properties of isolated EV subpopulations with their biological
function is under continuous debate also due to the difficulty
in establishing an accepted standard for isolation processes,
which can influence the EVs’ properties 211, Moreover, an
overall understanding of EVs cell internalization mechanisms
is still lacking. 1215 The nanoscale spatio-temporal details on
how EVs interact, adsorb, and fuse with target cells, as well
as the factors influencing the biogenesis and release of the
molecular cargo, although crucial to devise EVs-based
therapies, still lack a comprehensive description. Literature
suggests a wide variety of routes for cellular uptake,14-17
depending on the specific composition of the cellular
membrane, EVs function(s) and their physico-chemical
properties.17-19 |t is expected that uptake dynamics and
membrane fusion mechanisms are tightly related to the
potency and function of EVs, and are found to play a key-role
in EV-based drug delivery applications.2® Uptake dynamics in
turn has been shown to depend on EV size 2! and on the
extracellular matrix environment,?? but results on fixed and
live cells are quite scattered.?® In order to elucidate the
EVs/recipient cell interactions here we exploit artificial lipid
membranes as tunable model platforms to mimic natural cell
membranes. 23-27In particular, we challenge our experiments
to quantify the dynamics of interaction between fully
characterized small EVs and model membranes to reveal the
relationship between function and biophysical properties of
these vesicles. Standardized protocols and Good
Manufacturing Practice conditions were employed to derive
highly stable vesicles of defined size and reproducible
molecular profiles from Umbilical Cord multipotent
Mesenchymal Stem (Stromal) Cells (MSCs). After a thorough
biophysical and biochemical characterization of EVs non-
contact liquid imaging Atomic Force Microscopy (AFM) and,
in parallel, Neutron Reflectometry (NR), as well as Small
Angle Neutron Scattering (SANS) experiments were
performed on EVs to determine their interaction with lipid
bilayers. While AFM provides information on the topography
of the outermost surface of the membrane with sub-
nanometer resolution, in physiological environment,



Neutron scattering yields the contrast to address the role of
specific lipid component in the interaction, with structural
information extending over the entire lipid bilayer
transversal section. As a start, we focused via AFM imaging
on complex 3 components (phospholipids, sphingolipids and
cholesterol) synthetic membranes, to investigate specific
sEVs-to-membrane domains interactions. Then, having
identified the preferential interaction lipid domain, we
focused on simple membrane made of the specific single
phase, to exploit an integrated morphological/structural
experimental approach providing crucial information on the
mechanisms of EVs-internalization, as the partial fusion of
the EVs with the model membrane bilayer. Our approach
and findings pave the way for identifying specific vesicle-cell
uptake routes and for eventually tuning them for therapeutic
needs.

Results and discussion

Efficient isolation of small EVs (sEVs) is the first mandatory
step to assure reliable results. A plethora of isolation
protocols has been reported in the literature, with pros and
cons depending on the specific system in use. 28 Here, we
isolated seVs from Umbilical Cord MSC conditioned medium
(following the protocol reported in supporting information)
and further characterized them with different,
complementary techniques. Nanoparticle tracking analysis
(NTA) shows that sEV preparations contain particles with a
mean size of 12050 nm (Figure 1a). As confirmed by the
clear visualisation of vesicle membrane in cryo-EM images
(Figure 1 c), these preparations include vesicles. This finding
is further supported by the presence of typical sEV/exosome
markers, such as tetraspanins CD9, CD63 and CD81 in the
Multiplex bead- based flow cytometry assay?® profiles
(Figure 1 b).30 AFM profiles from topographic images in liquid
(Figure 1 d, e) confirmed the size distribution of sEVs
observed by NTA and cryo-EM analysis, highlighting the
presence of particles sized less than 50 nm, not detectable
by NTA. In Figure 1 e the vesicles are displayed to exhibit
equivalent diameters ranging between 30 and 150 nm (mean
value * standard deviation: 60 + 30 nm) and heights ranging
from 10 to 80 nm (mean value * standard deviation: 30 + 15
nm). The slightly deformation with respect to their supposed
spherical shape may be attributed to the small force applied
by the AFM tip, the immobilization on the mica surface and
possible tip convolution effects. 3133 To gain further
information on the structural properties of sEVs we
performed Small Angle X-ray Scattering (SAXS) and SANS
experiments on sEVs in solution (Figure 1 f). Analogous
approaches have been applied toinvestigate similar systems.
34-36 The SAXS profile in the investigated g-range, analysed by
a simple core multi-shell model, is consistent with an
asymmetric membrane profile, reported in Figure S1,
accounting for extended polar components. However, the
detailed feature at q values around 0.06-0.08 Al may
originate from some characteristic distance in the range of
10 nm occurring among objects on membrane surface, that
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might also explain the average pattern of rugosity observed
by AFM (Fig 1). Again, the same pattern might be responsible
of the deviation of the detected SANS intensity (in the
analogous g-vector range) from the scattering profile of the
2nm thick shell corresponding to the membrane core (fitting
curve in Figure 1f).

To further characterize sEVs we performed NR studies. As a
sample we used the double-layer lipid film originated by the
deposition and fusion of single sEVs on the surface of a
macroscopic silicon support, covering it up to the 90% of the
total surface. A layer of 0.5 nm water was measured between
the membrane and the silicon support. The cross-sectional
structure of the supported bilayer probed by NR, in analogy
with what already performed on other model membranes as
well as bacteria extract systems 3738 ijs shown in Figure S2
together with its best fit (parameters in Table S1), while in
Figure 1 g the corresponding scattering length density (SLD)
profiles are reported. NR data on sEVs with two different
solvent contrasts were collected and simultaneously fitted
(Figure 1 g, D,0, blue line; H,0 yellow line). Data analysis
confirmed complete fusion of sEVs on the silicon surface
giving rise to a membrane of 6.9 + 0.2 nm thickness, with a
SLD of 2.5 + 0.2x10¢ A2, Considering a mean SLD for fluid
lipids of -0.2 x10-6 A2 [calculated for a 60:40 mol:mol mixture
of acyl chains (-0.3 x10-6 A-2) and cholesterol (0.2 x10¢ A2)]
and of 2.5 x106 A2 for the proteins, an estimation of the lipid
to non-lipid ration of 22 to 78 (by volume) is obtained. These
values are in agreement with the estimated value found in
literature of roughly 50% molar of lipids3®. Regarding the
sEV-based bilayer measured thickness (6.9 + 0.2 nm),
although higher than the case of both synthetic and natural
lipid extracts which is generally around 5.5 nm, 4942 we can
say that it is compatible with one single bilayer and
consistent with the presence of molecules other than lipids,
as large proteins, originating from the sEVs deposited
membrane. The system interfacial roughness was found as
low as 0.6 = 0.2 nm. Overall this analysis confirms a high
lateral homogeneity which gives further strength to the
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entire approach and provides a strong ground to the data
analysis model confirming a successful deposition of sEV.
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Fig.1 Characterization of isolated small Extracellular Vesicles. a) Size distribution of MSC-derived sEVs by nanoparticle tracking analysis. (b). Surface
marker profiling by MACSPlex. Standard EV markers CD9, CD63 and CD81 are marked in green. (c) Cryo electron microscopy image from a
representative batch of MSC-derived sEVs isolated as described in the Methods section. The lipid bilayer surrounding the sEV can be unambiguously
recognized (arrows) (d-e) AFM topographic image and corresponding line profile (upper panel) of MSC-sEVs deposited on mica surface. Image
acquired in PBS. (e bottom panel) Correlation diagram between the equivalent diameter and the height extracted from AFM analysis. (f) SANS
(black circles) and SAXS (blue circles) profiles of MSC-derived sEVs and corresponding fits (dark pink dotted line and red dotted line) with a core-
shell model. (g) Scattering Length Density profiles of a sEVs-derived supported lipid bilayer (SLB) in H.O (orange) and D20 (blue) obtained by Neutron
Reflectivity with a pictorial sketch to help in SLDs profiles interpretation. Measured reflectivity data and best fit parameters are reported in the S|
(Table S1).
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Fig. 2. AFM topographic images of a DOPC:SM:Chol (2:1:0.15) SLB before (a) and after addition of sEVs (b,c). We report the temporal evolution of
the formation of sEVs SLB inside the DOPC SLB on the same area after 30 min (b), and 75 min (c). We also report the cross-sectional line profiles to

highlight the high homogeneity and flatness of the artificial SLB with the 1.5 + 0.3 nm difference in height between liquid disordered and liquid

ordered domains (a) and the protrusion of sEVs SLB inside the artificial SLB in (b-c).) Lateral scale bar is 2 um.

We then proceeded to investigate the interaction of sEVs
with planar supported phospholipid bilayers (SLB) that we
prepared and characterized by thorough AFM topographic
imaging and used as model plasma membranes. To address
real membrane complexity, we prepared mixed bilayers
composed of DOPC:Sphingomyelin (SM) 2:1 with a 5%
cholesterol. According to the relative three-component
phase diagram,* such mixed SLBs present, at room
temperature, a phase separation between domains in liquid
ordered (Lo) phase, enriched in SM and domains in liquid
disordered (Ld) phase enriched in PC. 44

AFM analysis reported in Figure 2 a shows the presence of
domains protruding 1.5 nm above the surrounding bilayer, in
accordance with literature reports on the expected
difference in height between Lo and Ld domains. 44 4> After
membrane topographic characterization, we exposed the
SLBs to sEVs. In Figure 2 b-c we report the temporal evolution
of the interaction as measured by AFM. We can observe the
formation of patches on the surface with the sEV-related
domains height roughly protruding 4 nm above the SLB. Both
experiments show a colocalization of sEVs patches with Lo
domains. AFM images in Figure 2 are taken on the same SLB
spot to follow the fusion kinetics.

The observed interaction of sEVs with the multicomponent
membrane is compatible with the preferential docking of
sEVs in regions of the SLB where a discontinuity is present
(about 2/3 of total sEVs patches are in close proximity of the
discontinuities). 4647 Then sEVs lateral diffusion within the
membrane seems to be favoured in the liquid disordered
phospholipids phase (see also Figure S6 and Figure S8). As
recently discussed in other works 48 , phase boundaries

represent an  energetically favourable site for
macromolecules interaction with biomembranes, thanks to
the thickness mismatch between Ld and Lo domains, where
the free energy minimum enables favourable nanoparticles-
lipid interactions without the need of large curvature
deformations.

Besides, the time evolution of the system topography
showed an increased granularity of the liquid ordered
domains with liquid/liquid domain boundary lengths
increasing upon interaction, as if the line tension across the
boundary of the two regions was reduced (see Figure S6). A
similar effect has never been observed in previous AFM
studies we performed on the interaction of biomolecules
with membranes with the same composition. 44 Evidence of
Lo domains granularity have instead been reported in the
literature in the case of supported membranes with
composition similar to ours, following cholesterol depletion
49,50 35 well as molar proportion modification of the lipid
components along phase transitions 5! suggesting that seVs
interaction causes a quite immediate membrane
components special redistribution. This effect may be
attributed to either the depletion of SLB components
operated by sEVs or to a fast redistribution of some
molecular species from the sEVs, preferentially along the
phase borders lowering the tension across the boundary by
reducing the hydrophobic mismatch, then generating the
observed L, domains granularity. 5253 Our hypothesis is that
distinct mixing processes occur: the fast diffusion of some
lighter elements, causing these components to laterally
migrate along the phase boundaries, and the diffusion of
bulkier sEVs components that mix within the target
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membrane and that has been further investigated within the
present work. Figure 2 b and c highlight sEVs spreading on
the surface by depleting the membrane of its Ld phase
portions. We observed a growth in the lateral dimensions of
sEVs patches versus time. The easiest hypothesis is that sEVs
still present in solution fuse with the membrane-fused ones,
which behave as preferential docking sites thanks to their
enrichment in carbohydrates, known to be involved in
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membrane-to membrane adhesion. Such hypothesis is also
supported from the panels b) and c) of Figure 2 where it is
evidenced that, 30 minutes after incubation, new sEVs
patches are detected on membrane surface. However, we
cannot discard the contribution of sequestered lipids from
the L4 phase to the lateral spreading of membrane fused-
sEVs islands.
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Fig. 3. AFM topographic images of a DOPC-SLB before addition of sEVs (a) and past 30 min (b), 90 min (c), and 210 min (d) exposure times following

sEVs addition. The cross-sectional line profile of (a) proves the high homogeneity and flatness of the DOPC SLB and those of (b,c,d) the protrusion

of sEVs islands inside the DOPC SLB. Arrows in panel c and d point on 1 nm protrusions, likely indicating a lipid mixing between the sEVs and the

DOPC-SLB. Lateral scale bar is 2 um

In order to highlight the fine structural details of the EVs
/membrane interaction, we performed combined
microscopy and neutron scattering studies on less complex
membranes optimizing the experimental condition to obtain
NR quantitative results. Since from time resolved AFM
imaging we observed that EVs lateral diffusion occurs on the
membrane liquid phase we moved to single PC component
Ld membranes. In Figure 3a a representative AFM image and
the corresponding line profile of a 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) supported lipid bilayer (SLB) are
reported. DOPC SLB presents an extreme homogeneity, an
almost defect-free structure and a very small surface
roughness (0.17+0.05 nm). The bilayer height, as measured
from indentation profiles and topographic measurements of
partially complete bilayers (see Figure S3), is 5 0.2 nm in
agreement with literature reports.>® The mixed lipid surface
is slightly less defective than the ternary mixture bilayer, in
line with the literature. As before, the DOPC SLB topographic
image in Figure 3 a is then taken as the time zero snapshot
of a time resolved AFM experiment to monitor the bilayer
modification upon sEV addition. After 30 minutes following
the addition of sEVs one clearly observes the presence of
islands protruding few nm from the DOPC surface (Figure 3
b). After 30 minutes there was no trace of intact sEVs, that
were rarely identified even at shorter time scales (Figure S7),
sign of a very fast mixing process. Because of their ~120 nm
diameter in fact intact sEVs when present would be easily
recognized by AFM topographic imaging, as shown in Figure
1 a for EVs on mica. On the other hand, the observed
protrusion of the islands — namely 3.4+0.7 nm - is less

pronounced than what expected from a second lipid bilayer
stacking on top of the DOPC bilayer (5.5£0.5 nm was the
measured thickness of the DOPC bilayer). Therefore, we
interpret this mesoscale heterogeneity to be due to the
presence of membrane proteins as well as cargo
macromolecules released from the opened EVs in the
original DOPC single membrane bilayer.5” A similar
mesoscale heterogeneity has been observed also in silica-
supported EV-derived SLB, 3859 there interpreted with the
distribution of different portions of the cargo trapped in the
SLB.

As a function of sEV exposure time (Figure 3 c,d) the islands
grow in lateral dimensions, until they coalesce into larger
islands (of up to 3-4 micrometer diameter after 4 hours of
exposure time). Upon coalescence, the 3D profile of islands
changes, in a way compatible with the accumulation of
biomolecules of sEVs origin on the patches already formed.
The nucleated islands serve in fact as docking points for new
incoming sEVs, which can open on them either face-up and
release their content on the island, or face-down favouring
the accumulation of cargo biomolecules below the original
sEVs bilayer, in agreement with what reported by Montis and
coworkers3?. From the growth evolution of the sEV-enriched
patches derived from the AFM images in Figure 3 we then
speculate the formation of a single sEVs-related bilayer
showing a (partial) mixing of the vesicles with SLB as a
preliminary step towards complete fusion of the sEVs with
the membrane itself. Lipid mixing is also supported by the
appearance of a new, likely lipid phase around the sgVv
patches, which protrude by about 1 nm (Figure 3 d), after 4
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hours exposure time. Such a phase might be assigned to the
partial diffusion of sEVs’ lipids in the DOPC layer and/or to a
misalighnment of DOPC molecules due to the presence of
proteins or other molecules diffusing under the bilayer. A
similar mechanism of membrane fusion has been also
hypothesized, based on combined atomic force and
fluorescence microscopy experiments, for proteoliposomes
interacting with SLB, % in accordance with our findings. In
order to verify the presence of proteins in the sEV-related
lipid phase, we incubated sEVs treated with proteinase K
according to the protocol of Skliar et al. ®1to a DOPC SLB for
90 min, as in Figure 3 (b), and monitored the morphology of
the system with AFM. From Figure S4 we observed the
presence of patches with lateral dimensions comparable to
those originated by non-treated sEVs. However, the average
height is now roughly the same of the DOPC layer, although
with a sensibly increased roughness. Altogether these
findings indicate that i) the sEVs completely open on the SLB;
ii) the topographical heterogeneity observed in Figure 3 is
attributable to sEV proteins; iii) upon addition of sEVs a
mixed SLB forms in which the lipid components of the EV
tend to remain segregated /intercalated in the DOPC SLB,
suggesting a low influence of the proteic components in
preserving segregation. Moreover, comparing the temporal
evolution of the coverage of the sEVs-related portions of the
pure DOPC and DOPC:SM:Chol artificial bilayers we observe
a first-order Langmuir absorption behavior in both cases
(Figure S6), with similar kinetic constant but with a larger
final coverage in the case of the mixed composition SLB. This
is probably ascribable to sEVs higher affinity towards the
mixed membrane, due to the preferential docking at the
edges of the rafts.

Yet, a full understanding of the fusion mechanism would
require to discriminate possible fusion asymmetries
occurring inthe two membrane leaflets. To further clarify the
interaction of seVs with the PC lipid bilayer, and investigate
the extent of fusion, that is if fusion involved only the
external target membrane leaflet or the whole membrane,
we performed NR and SANS measurements. NR allowed to
investigate the transverse structure of a single supported
deuterated phospholipid (d54-DMPC) bilayer in the fluid
phase before and after the interaction with sEVs. The
phospholipid membrane was prepared by vesicle fusion. The
DMPC was deuterated in order to exploit the proton-
deuteron (actually hydrogen-deuterium, H-D) contrast
difference in neutron scattering, being the Scattering Length
Density (SLD) of deuterated lipids around 7*10-6 A2, that of
protiated lipids -0.3*10-6A-2 and that of EVs around 2*10-6A-
2, The use of deuterated lipids for the target membrane
allowed to maximize the visibility of EVs after mixing, and to
obtain the peculiar information about the final complex
system, otherwise difficult to obtain. This approach is
consolidated to monitor the interaction of macromolecules
62-64 35 we did with alpha-synuclein in interaction with
artificial bilayers, ¢ and as was similarly exploited by Ghosh
et al. to study synaptic vesicles. % First the neutron
reflectivity of the bulk deuterated bilayer was recorded,
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then, a solution containing isolated EVs was added to the cell
with the same sEV/lipids ratio used in the AFM experiments
and the NR was recorded again. By comparing the reflectivity
profiles, one expects to see how the H-rich sEVs penetrate
the deposited D-rich bilayer. The measured reflectivity
profiles together with the simultaneous best-fits are
reported in Figure S2 (best fit parameters in Table S2), while
the relative SLD profiles are shown in Figure 4.

The SLD profiles analysis shows an overall increase of the
thickness of the membrane upon seV-addition and an overall
modification of the SLD profile across the membrane. The
increased membrane thickness of 5.4+0.1 nm (from 4.1+0.1
nm in the bulk bilayer) is an intermediate value between that
of a pure phospholipid membrane and of a sEVs-based
supported membrane (6.9 nm), as reported in Figure 2 b. We
also observed a decrease of SLD value of the membrane from
7.140.2 x 106 A2 to 6.140.2 x 106 A2, consistent with the
fusion of the H-containing sEVs into the deuterated
membrane with about 20% volume penetration. This
experiment demonstrates the high fusogenic ability of EVs
with the lipid-only target membrane. Moreover, the fusion
occurs “transmembrane”, i.e. in the entire thickness of the
bilayer, involving not only the external, but also the inner
layer (with respect to the solid support) of the bilayer.
However, the final membrane profile becomes slightly
asymmetric (see Figure 4). This asymmetry may reflect an
actual uneven distribution or rough feature of sV fusion
with the bilayer, even if a 0.5 nm thick water layer was found
between the membrane and the silicon support, the lack of
space may hinder the fusion mechanisms and induce
asymmetric fusion. In addition, we cannot exclude an
influence of the silicon support, generally negatively charged
in aqueous environment, in impeding the most extended
hydrophilic molecular portions to position themselves in the
inner leaflet.

|- 60

{20

() @oep8)UI WOJ) dOUR)SID

=

5 a4 3 2
SLD (10°A%)

T T
7 6

Fig. 4. Scattering Length Density profiles of a deuterated PC SLB
before (black) and after sEVs interaction (red) obtained by Neutron
Reflectivity with a pictorial sketch to help in SLDs profiles
interpretation. Measured reflectivity profiles and best fit
parameters are reported in the SI.

To dispel these questions, we performed mixing experiments
in bulk applying SANS to study the structural details of mixed
solutions containing unilamellar phospholipid vesicles and
sEVs in different proportions (details in the materials and
methods section). Again, deuterated phospholipid vesicles



were used to benefit the H-D contrast difference and to
reduce the incoherent background due to the H atoms.
Figure 5 a) summarizes the SANS results on the low, medium
and high concentration vesicle-to-EV mixtures of number
ratios 15000:1; 3000:1 and 2700:1, respectively. The
measured intensities can be compared with those of the
pure phospholipid vesicles (red circles) and pure sEVs (black
circles) as well as their weighed sum in the respective
proportions (dotted lines). Panel (c) displays the SLD
distributions derived from the fit of the SANS data. Despite
the low molar proportion of sEVs with respect to target
vesicles, the H-bringing sEVs scattering intensity is
highlighted within the D-based phospholipid target
membranes, allowing for a detailed structural investigation
of the mixed systems.

In Figure 5a, the shape of the reconstructed (by linear
combination of the two contributions) and the measured
curves are different, indicating a non-negligible interaction
between the constituents. Notably, the residual Bragg
multilayer signal at 0.1 A1 detected for the PC target vesicles
(red circles) was lost in the mixed systems even at the lowest
sEVs content, indicating that fusion events remove the
residual multilamellarity of the original vesicles. For medium
and high sEVs concentration, the experimental scattering
profiles cross the reconstructed ones, indicating that a
change in the SLD of the objects occurred. This suggests a
decrease of the overall size of the mixed systems with
respect to the original PC vesicles, as shown by the lower
intensity at low g vectors.

Hypothesizing that the interaction leads to a unique mixed
vesicle distribution, we tentatively analyzed the data by
modelling the system with the form factor of a (three)
layered vesicular system (outer hydrophilic, hydrophobic
and inner hydrophilic layers) with a water core. This
simplified model seems to work well for systems with null or
low sEV content and becomes progressively less accurate for
systems with larger sEVs concentration. Best fit results and
parameters are reported in Figure 5 b and table S3, while the

a)

SLD profiles of the single bilayer obtained by the data best
fits are shown in Figure 5 c. Data analysis is consistent with a
lowering of the SLD of the hydrophobic portion, indicating
that the mixing involves both membrane leaflets, in
accordance with the NR results. Moreover, the thickness of
the hydrophobic portion appears to decrease upon sEVs
mixing, while the thickness of the external polar portion
increases at increasing sEVs content. Results on thicknesses
alteration agree with both AFM and NR findings.
Furthermore, the analysis is consistent with the formation of
an asymmetric membrane upon EVs mixing. The external
hydrophilic layer becomes more extended after fusion, as if
the largest membrane components belonging to sEVs were
not included in the inner membrane leaflet of the final
vesicular system, but only fuse to the outer one, as already
observed by NR and depicted in Figure 4.

These findings unveil a mixing mechanism which departs
from a total fusion, in which rather lipids and smaller
molecules might fuse and eventually flip into the inner
membrane leaflets, while large proteins bringing important
hydrophilic portions could eventually reside in the outer
membrane leaflet. This asymmetry is kept stable for a long
time (2 days of measurements), suggesting that the flip-flop
is not energetically favored. When considering this limit to
total fusion it is important to recall that so far we have been
dealing with simple models of target membranes. Rather, in
natural biological membranes, the lateral complexity related
to the occurrence of ordered domains of different lipids and
to the presence of membrane proteins may play a significant
role in fusion mechanisms. The importance of our finding
and of our approach, which can in principle be translated to
other systems of growing complexity and/or sEVs of different
origin, resides in the capability to in principle disentangle the
different contributions to the fusion mechanisms,
addressing them one at the time, with the ultimate goal of
controlling single molecular components to optimize cell-to-
cell communication through sEVs, even in sight of cargo
release chances for therapeutic purposes.
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Fig. 5. SANS measurements on deuterated PC unilamellar vesicles at 20 mg/mL (red circles), sEVs at the concentration of 2x10° EVs in 100 uL (black

circles) and the mixed systems at low (Low Concentration, LC, green circles), medium (Medium Concentration, MC, blue circles) and high (High

Concentration, HC, violet circles) relative proportions, see text. a) Dotted lines represent the weighed sum of the spectra of the two pure

components (phospholipid vesicles and sEVs) of appropriate proportions. b) Continuous lines are the fits of the experimental curves with a three-

layered vesicular model, parameters in Sl. c) SLD profiles extracted from fits to the SANS data (see SI).
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Conclusions

Here, we provided a molecular description of the interaction
of sEVs with SLBs as model plasma membrane systems. We
showed that AFM morphological analysis can be profitably
combined with neutron scattering-based structural
investigation to successfully elucidate the molecular
mechanisms of interaction of sEVs with membranes, from
which sEVs cargo release may depend. In particular, we
demonstrated the sEVs propensity to fuse with the model
membranes through a not total fusion mechanism, involving
different diffusion events. Also, we highlighted the critical
role of phase borders to promote sEVs fusion. The use of
variable composition SLBs as model systems to mimic cell
membranes will be particularly useful in studies of EVs-cell
uptake, in which concurrent multiple uptake channels as
lipid-raft mediated endocytosis, surface binding and
membrane fusion might be involved 16, allowing to
disentangle the various contributions addressing them one
at the time. These different mechanisms are in fact
particularly difficult to be distinguished in a complex cellular
environment. 67-69 Knowledge acquired from model systems
on the prevalent uptake mechanism of distinct EV
subpopulations and on the specific membrane subdomain
involved will allow to design specific strategies to act on the
defined internalization channel and/or membrane
compartment to block or favour cell EV interactions and
cargo release to target cells in the context of a given disease.
The approach shown here can be extended to convey
incremental complexity, adding, for example,
glycosphingolipid and membrane proteins to the model lipid
bilayers. We strongly believe that our approach combined
with data on the specific biological function of each EV
subpopulation as retrieved by standard functional assays,
will turn useful to select the crucial molecular aspects of EVs
internalization by cells. Such information might be then
exploited to develop novel devices based on standard
readout platforms, e.g. fluorescence, mechanical and/or
electrochemical readout, to screen EVs for particular
properties to predict their functionality, thus revolutionizing
the way how EVs may be used in diagnostics and hopefully
become useful in therapy.
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