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Abstract: Extracellular vesicles (EVs) are a diverse population of membrane structures produced and released by cells into the
extracellular space for the intercellular trafficking of cargo molecules. They are implicated in various biological processes, includ-
ing angiogenesis, immunomodulation, and cancer cell signaling. While much research has focused on their biogenesis or their ef-
fects on recipient cells, less is understood about how EVs are capable of traversing diverse tissue environments and crossing biolog-
ical barriers. Their interactions with extracellular matrix components are of particular interest, as such interactions govern diffusivi-
ty and mobility, providing a potential basis for organotropism. To start to untangle how EV-matrix interactions affect diffusivity,
we use highspeed epifluorescence microscopy, single particle tracking, and confocal reflectance microscopy to analyze particle
mobility and localization in extracellular matrix-mimicking hydrogels composed of collagen I. EVs are compared with synthetic
liposomes and extruded plasma membrane vesicles to better understand the importance of membrane composition on these interac-
tions. By treating EVs with trypsin to digest surface proteins, we determine that proteins are primarily responsible for EV immobi-
lization in collagen I hydrogels. We next use a synthetic peptide competitive inhibitor to narrow down the identity of the proteins
involved to argynylglycylaspartic acid (RGD) motif-binding integrins, which interact with unincorporated or denatured non-fibrillar
collagen. Moreover, the effect of integrin inhibition with RGD peptides has strong implications for the use of RGD-peptide-based
drugs to treat certain cancers, as integrin inhibition appears to increase EV mobility, improving their ability to infiltrate tissue-like
environments.
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Extracellular vesicles (EVs) are membrane-bound struc-
tures produced by cells and released into the extracellular
space that function in cell-to-cell signaling and the trafficking
of various materials." Biogenesis and release of EVs involves
different cellular pathways, resulting in a highly heterogene-
ous mix of particles, from micrometer-sized microvesicles
derived directly from the plasma membrane®’ to 100nm-sized
and smaller exosomes produced through the endosomal path-
way.®® EVs are implicated in both physiological and patho-
logical processes, including immunomodulation,**? mainte-
nance of pluripotency in stem cells,"*™* extracellular matrix
(ECM) remodeling,'®*" and directed cell migration.'® Research
on the functional roles of EVs has primarily been conducted in
vitro and much focus has been placed on their role in cancer
cell signaling.2****?# Indeed, there is growing interest in the
use of EVs as prognostic markers for cancer progression.”*
Despite the amount of research on their biogenesis within cells

and their effects on target cell physiology, the process by
which they travel between source and target remains poorly
understood.”

Besides fundamental research in understanding their role
in living systems, there is also much interest in EVs and EV-
like particles as inspiration for nanomedicine and nanoparti-
cle-based drug delivery applications.*?**" The near ubiquity
of EVs in biological fluids®**® implies their ability to traverse
diverse tissue environments and cross different biological
barriers,®®** while distribution patterns of EVs injected in
vivo* suggest some degree of tissue specificity — two charac-
teristics that would be highly advantageous for the targeted
delivery of therapeutics. The way EVs interact with different
ECM materials is thus an important research topic, as these
interactions likely form the basis for organotropism and tissue
specificity. %
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Here, we investigate EV interactions in hydrogels com-
posed of collagen I. We first collect and purify EVs from a
breast cancer cell line using size exclusion chromatography
(SEC)*"*® and characterize them using LAURDAN fluores-
cence spectroscopy and Western blot analysis of proteins. EV
mobility in collagen gels is studied using single particle track-
ing®® on image sequences obtained with highspeed
epifluorescence imaging of EVs introduced into preformed
collagen gels. EV behaviour is compared to that of synthetic
liposomes, as well as vesicles composed of extruded whole-
cell plasma membrane to better understand the influence of
EV membrane composition on mobility. We also analyze
particle localization in collagen gels relative to fibrils imaged
with confocal reflectance microscopy. Finally, we determine
that integrins are primarily responsible for dictating the mobil-
ity of EVs by treating EVs with trypsin to digest surface pro-
teins and with a competitive inhibitor peptide to specifically
block integrin-collagen interactions. With our results, we show
that EV membrane composition imparts specificity in ECM
interactions that affect not only overall mobility, but also
spatial distribution within a collagen I matrix.

Results and Discussion
EVs and plasma membrane vesicles: collection, synthesis
and characterization of size and composition

EVs were collected from cultured MDA-MB-231 breast
cancer cells, which have previously been used in EV re-
search.” Cells were incubated over three days with serum-free
media to avoid contamination with exogenous vesicle materi-
al. EVs released into the conditioned media were collected and
purified using SEC.*"**' Approximately 20 fractions of
500uL volume were separated and collected. Analysis of SEC
fractions with dynamic light scattering (DLS) showed the
highest enrichment of 100-400nm diameter particles, assumed
to be EVs, in fractions 7-10 (see Supplemental Fig. S1).

It is well-documented that EVs have a distinct membrane
composition compared to the plasma membrane of their
source cell, and that this also varies between EV subpopula-
tions,”*? both in terms of enriched lipid species and proteins.
To better understand the functional effects of such differences,
we produced vesicles that should more closely reflect the
composition of whole cell plasma membrane while being
approximately the same size as the collected EVs (Fig. 1; see
Suppl. Fig. S1 for size distributions). Giant plasma membrane
vesicles (GPMVs) were first produced according to a previ-
ously published protocol by exposing cells to N-
ethylmaleimide (NEM) as a vesiculation agent.”® This protocol
resulted in blebs with cell-like mechanical properties* that
were then extruded to produce 200nm-diameter ‘large’ plasma
membrane vesicles (LPMVs).*®
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Figure 1, Schematic diagram of experimental approach to produce

EVs and LPMVs. EVs are collected from the supernatant of cultured
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MDA-MB-231 cells and are purified with SEC (upper path). LPMVs
are generated by treating cells with NEM as a vesiculation agent,
collecting the formed GPMVs, and extruding them into EV-sized
LPMVs (lower path). Particles are allowed to diffuse into fully-
formed collagen | hydrogels and are imaged with confocal microsco-
py or epifluorescence microscopy.

Figure 2A shows cryogenic scanning electron microscopy
(cryoSEM) images of EVs and LPMVs appearing as round
structures with sizes corresponding to the size distributions
measured with DLS. Samples were high-pressure frozen in
disks, which were cleaved laterally in half to expose the parti-
cles embedded in the surface of the surrounding frozen medi-
um. EVs appear to have a size range between 100nm and
400nm in diameter, while LPMVs appear approximately
200nm in diameter and below. The existence of smaller parti-
cles <100nm in our LPMV samples makes sense, as there was
no lower limit on the size of the LPMVs during extrusion, nor
were the particles purified as the EVs were with SEC. They
likely did not show up in our DLS measurements due to being
below the limit of detection for the device used.

To confirm that our collected EVs express standard EV
markers and to better differentiate whether they are exosomes
or microvesicles, we used Western Blot to probe for common-
ly expressed markers (Fig. 2B; Suppl. Fig. 2). We also com-
pared expression of these markers to that of our LPMVs, as
well as whole cell lysates as a positive control, and the non-
EV fractions obtained with SEC as a negative control. These
non-target SEC fractions contain particles smaller and larger
than the target range of 100-400nm and most likely consist of
cellular debris and free proteins in suspension, as well as EVs
or EV aggregates. Samples were diluted and normalized to
have the same whole protein content in each lane. We first
investigated ALG-2-interacting protein X (ALIX), an accesso-
ry protein of the endosomal sorting complexes required for
transport (ESCRT) that is involved in the packaging of specif-
ic cargo into EVs, as well as their formation via multivesicular
bodies (MVBs) and the endosomal system®*“*. We also
investigated CD63, a tetraspanin commonly used as a specific
marker for exosomes originating from endosomal
structures*°. Finally, we probed the expression of integrin-p1
(ITGB1) as a surface protein commonly found in EVs® that
could also have a functional role in binding to ECM compo-
nents. ALIX is expressed at a high level in our whole cell
lysates, appearing as a band at 100kDa and suggesting active
MVB formation. Expression appears relatively low elsewhere,
with double bands visible in the negative control and EV
samples and a possible single band appearing in the LPMV
sample. This would suggest that ALIX expression continues
on in non-target SEC fractions, likely representing smaller
EVs than our 100-400nm diameter target fractions. The low
expression of ALIX in our EVs is likely due to the much high-
er relative expression of other proteins, such as CD63 and
ITGB1. ALIX is evidently still expressed, but appears less
enriched than other markers after normalizing to whole protein
content. CD63 is highly enriched in the target EV fractions
and virtually nonexistent in the off-target fractions, appearing
as a smear of bands between 25-60kDa. This smearing is
consistent with previous reports and is due to variable glyco-
sylation of the protein, which can affect migration during
electrophoresis.>* Meanwhile, low ALIX and CD63 expression
in LPMVs reflects their origin as artificial plasma membrane
structures. Finally, ITGB1 is enriched in both EVs and
LPMVs compared to whole cell lysates, and is not expressed
in the off-target negative control. Altogether, this would sug-
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gest that our SEC-purified EVs largely represent CD63-
positive, MVB-originating exosomes. Our LPMVs, mean-
while, would be more representative of outer plasma mem-
brane, lacking markers of endosomal origin but having high
ITGB1 expression. While microvesicles derive from direct
pinching off of the plasma membrane, our LPMVs likely are
not fully representative of them, since microvesicles are spe-
cialized structures that arise through specific membrane pro-
cesses.>® LPMVs would thus lack the enrichment of molecules
that are involved in their biogenesis and release and would
more closely resemble whole plasma membrane.

To further our understanding of the biophysical conse-
quences of different membrane compositions, we conducted
LAURDAN fluorescence spectroscopy to probe membrane
phase state and lipid packing in EVs and LPMVs (Fig. 2 C,D).
LAURDAN is a lipophilic fluorescent probe whose emission
spectrum is sensitive to the molecular environment of the lipid
bilayer into which it is inserted.****® Differences in mem-
brane phase state, hydration, or lipid packing can be represent-
ed in graphical form using phasor analysis, which decomposes
the spectral shifts into the Cartesian coordinates, G and S.>*°
For comparison and to better understand the differences be-
tween EVs and synthetic systems, we have also analyzed
synthetic multilamellar lipid-only vesicles composed of pure
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC); a binary
mixture of 70% DOPC and 30% cholesterol (DOPC+Chol);
and a ternary mixture of 13% DOPC, 44%
Dipalmitoylphosphatidylcholine (DPPC), and 43% cholesterol
(Ternary L,). While DOPC and DOPC+Chol represent lipid
membranes in the liquid-disordered (Ly) phase state, the Ter-
nary L, mixture represents a liquid-ordered lipid membrane,
referring to the molecular packing in the lipid bilayer and
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order in the hydrophobic fatty acid tails.”® These synthetic
lipid vesicles fall in a linear trajectory on the phasor plot,
which represents increasing membrane packing from one end
to the other. EVs fall between DOPC+Chol and the Ternary L,
mixture, suggesting an intermediate liquid-ordered phase state.
LPMVs, however, fall beyond the Ternary L, mixture on the
same alignment, suggesting a greater degree of membrane
packing and order. The fact that both EVs and LPMVs are
aligned with the axis of the synthetic lipid mixtures suggests
that the state of molecular packing and hydration in their bi-
layers can be mimicked with minimal lipid membrane struc-
tures. In this regard, it has previously been reported that other
biophysical properties of cell-derived vesicles, such as viscosi-
ty and mechanical stiffness can be reconstituted with synthetic
liposomes.*®

Both types of membranes appear to be responsive to the
presence of calcium. Adding 2mM calcium to the medium
results in an increase in packing in EVs and a decrease in
LPMVs (Fig. 2D). Shifts of such magnitude in phasor position
do not occur in the synthetic DOPC, DOPC+Chol, and Ter-
nary L, mixtures. These calcium-induced changes may be
related to the presence of other, possibly charged lipid species
or to the presence of proteins or glycocalyx. Our vesicles lack
charged phospholipids, such as phosphatidylserine, which is
enriched in EVs* and cause calcium ions to localize closer to
the membrane.®* We note, however, that the overall zeta-
potential of EVs and LPMVs is similar to that of pure DOPC
large unilamellar vesicles (LUVs; see Suppl. Fig. 3). The
opposing effects of calcium on EVs and LPMVs also empha-
sizes the compositional and potentially functional differences
between them.
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Figure 2, Characterization and comparison of EVs and LPMVs. A) Representative cryoSEM images of EVs and LPMVs. Their apparent sizes
correspond to size distributions obtained with DLS (see Suppl. Fig. 1). B) Western blot array characterizing, from left to right, relative protein
expression in whole cell lysates (positive control), LPMVs, EVs, and the non-EV fractions collected during SEC purification of EVs (negative
control). Whole protein concentrations of samples were determined with a Bradford assay and the samples were diluted such that each lane in the
blot contains the same whole protein content. Apparent sizes of the probed proteins according to their position in the gel are shown on the right.
The uncropped blots are shown in Suppl. Fig. S2. C) Spectral phasor analysis of LAURDAN fluorescence spectroscopy data of EVs, LPMVs, and
synthetic multilamellar vesicles (DOPC, DOPC+Chol, Synthetic Ternary L,) in calcium-free HEPES buffered saline (HBS). The synthetic lipid
vesicles form a linear trajectory on which molecular packing, membrane dehydration, and membrane order are expected to increase along the linear
trajectory indicated by the black arrow. Since EVs and LPMVs fall on this alignment, the state of molecular packing and hydration in their mem-
brane bilayers can be approximated with minimal synthetic lipid mixtures, with EVs having an intermediate state between DOPC+Chol and the
synthetic ternary L, mixture. LPMVs lie beyond the ternary L, mixture, suggesting a greater degree of packing and membrane order. Individual

3


https://doi.org/10.1101/2024.05.29.596426
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.29.596426; this version posted June 2, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

points represent separate experimental replicates. D) Shifts in phasor position due to the presence of calcium. Markers indicate the centre of mass
of data points for membranes in calcium-free (HBS; circles) and calcium-containing (HBS+Ca; triangles) buffers. Shaded areas represent the
standard deviation of the Cartesian coordinates, G and S of the spectral phasor plot (see Egs. 1 and 2 for definition) from n=3 experimental repli-
cates. Arrows indicate the direction of the shifts in centre of mass of the data points. Calcium causes increased packing in EVs and decreased
packing in LPMVs, emphasizing the differences in their membrane compositions and possibly also their interactions with the environment. Shifts

of such magnitude are not observed in the synthetic lipid vesicles.

EV mobility in collagen hydrogels

With the differences in membrane composition observed
between EVs and LPMVs, we wanted to investigate if and
how these differences would be reflected in their interactions
with ECM materials, and how this might functionally affect
their diffusion through an ECM-like environment. To this end,
we employed the use of collagen | hydrogels. Collagen 1 is
one of the most abundant proteins in mammalian ECM and
plays an important structural role in tissues, as well as provid-
ing contextual signaling cues to cells.®* Moreover, collagen
is often used in tissue engineering applications as cell scaf-
foldsl58,65,66

To study the mobility of EVs and LPMVs in collagen |
hydrogels, gels were first produced in the wells of a 96-well
plate at a concentration of 1.5mg/mL in calcium-free HEPES-
buffered saline (HBS) and calcium-containing HEPES buff-
ered saline (HBS+Ca). Gels were allowed to fully polymerize
at 37°C overnight. Figure 3A shows a representative fully-
formed fibrillar collagen | matrix imaged with confocal reflec-
tance microscopy. To characterize the hydrogels, the mesh
size was estimated using a previously described protocol®®®’
with slight modification. Confocal reflectance images were
first binarized and skeletonized (Fig. 3B) to remove scanner
artifacts and the sizes and number of spaces between fibrils in
the x- and y- directions were counted up. These fell into an
exponential distribution (Fig. 3C), whose mean value was
determined by fitting an exponential function to the data. This
mean mesh size does not appear to be sensitive to the presence
of calcium in the buffer (Fig. 3D).

Particles were introduced to the gels by pipetting suspen-
sions directly on top of gels and allowing them to diffuse
throughout for at least three hours prior to imaging. A
highspeed camera mounted to a standard light microscope in
epifluorescence mode was used to image the particles as they
were diffusing. Single particle tracking was conducted on
acquired image sequences using the MOSAIC suite plugin
developed for FI1JI by Shalzarini et al.** Representative parti-
cle trajectories are shown in Figure 3E, exhibiting a wide

range of possible particle mobilities. To better visualize the
differences in particle mobilities, the base-10 logarithms of the
diffusion coefficients obtained from particle tracking are
shown. Histograms of these values (Fig. 3F,G) show strong
bimodal behavior, similar to what has been previously report-
ed for synthetic LUVs and polymeric nanoparticles in various
hydrogel environments.®®*"° The peak appearing near the value
of -12 represents mobile particles approaching the Stokes-
Einstein prediction for the diffusion coefficient of an ideal
200nm-diameter spherical particle diffusing in liquid water at
room temperature. The other peak at -14 would then represent
immobilized particles, with its mean value linked to the image
resolution and frame rate of our acquisition setup, as well as
the apparent particle size as they appear in our images.®® To
quantify particle mobility, we defined the value of -13.0 as a
cutoff point that separates well the two peaks in the distribu-
tions, and summed the bins of the histograms that fall above
this cutoff to obtain a mobile fraction. In previous work in-
volving synthetic LUVs diffusing in agarose hydrogels,”® we
were able to define a mobile cutoff based on the lower limit of
detection of particle movement of our imaging setup. This was
not possible here due to the polydispersity of our EVs making
the apparent size of particles in images poorly-defined. De-
spite this, with the current mobility cutoff of -13.0, it is clear
that LPMVs are significantly more mobile than EVs, and that
the mobilities of both particles are appear unaffected by the
presence of calcium.

While it is possible that this difference in mobility is due
to the difference in membrane composition between EVs and
LPMVs, it must be noted that the vesiculation agent, NEM can
irreversibly react with and modify cysteines and thiol
groups,® leading to changes in the membrane constituents of
LPMVs. Despite this drawback, the use of NEM to produce
plasma membrane vesicles seems a better option for maintain-
ing protein integrity compared to other protocols that use
paraformaldehyde and dithiothreitol as vesiculation agents,”"*
which would result in protein crosslinking and fixation.
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Figure 3, EV and LPMV diffusion in collagen I hydrogels. A) confocal reflectance micrograph showing collagen fibrils in green and fluorescently-
labelled EVs in magenta. Bottom left inset shows a particle in the indicated region zoomed in and corresponds to a 5x5um region. B) The image in
(A) is binarized and skeletonized in order to determine mesh size. C) Mesh size is estimated by counting up the number and sizes of spaces in the
x- and y-directions of binarized images. In histogram form, the sizes of the spaces fall into an exponential distribution, where the mean value is the
reciprocal of the exponential coefficient of a fitted exponential function. D) The mesh size of collagen gels does not appear to be affected by the
presence of calcium, but varies greatly between and within samples. Circles represent individual samples. Dots represent outlier data that were
excluded from the rest of the box plot. E) Example particle trajectories showing an immobile particle (green, logio(D)=-14.5), a particle at the
mobility cutoff (blue, log;o(D)=-13.0) and a highly mobile particle with the Stokes-Einstein-predicted diffusion coefficient for a 200nm particle
diffusing in liquid water (magenta, logio(D)=-12.0). F,G) histograms of logso diffusion coefficients of EVs (F) and LPMVs (G) diffusing in colla-
gen hydrogels formed without (upper row; HBS) and with (lower row, HBS+Ca) calcium present in the buffer. Error bars show standard deviation
over n=7 (EVs) or 8 (LPMVs) experimental replicates. The mobile fraction is represented by the shaded grey area with the cutoff at -13.0. A dotted
line shows the Stokes-Einstein prediction for an ideal 200nm particle diffusing in liquid water. Mobile fraction and overall shape of distributions
for both particles appear insensitive to calcium, but LPMVs are clearly more mobile than EVs.

Mimicking EV diffusion with synthetic vesicles

To further our understanding of the interactions between
EVs and collagen I, we used synthetic LUVs to see if our
observed particle behavior could be reproduced using minimal
model membranes. As a first attempt, we produced 200nm-
diameter DOPC LUVs and added them to fully-formed colla-
gen hydrogels with calcium-containing buffer (HBS+Ca), in
which they were observed to become fully immobilized (Fig.
4A,; see Suppl. Fig. 4 for histograms of log,, diffusion coeffi-
cients). This adhesion between DOPC and collagen | appears
to be particularly strong, as our previous work has shown that
DOPC LUVs remain relatively mobile in agarose hydrogels
despite steric trapping effects from the much smaller pore
sizes.®® Our collagen | hydrogels, meanwhile, have a mesh size
on the order of several micrometers (Fig. 3D) — sufficiently
large relative to the particle diameter that diffusing particles
should be unaffected by steric trapping effects. We next ex-
plored whether DOPC LUV mobility could be rescued by
‘blocking’ their surfaces with colloidal collagen | (bLUVS) or
by the inclusion of PEGylated lipids (PEG-LUVs). Blocking
significantly increased the mobility of LUVSs, so it appears
simply having a buffer layer between the collagen and the

phospholipid surface of the LUVs helps to prevent adhesion.
Inclusion of 1mol% 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-
5000] (DSPE-mPEG5K) is more effective at preventing adhe-
sion and restores the mobile fraction of LUVs to a value simi-
lar to that of EVs. The reason why mobility is not restored to a
higher fraction in the PEG-LUVs is likely due to low polymer
coverage and the PEG chain being in the mushroom confor-
mation at this concentration in the membrane,’>" with parts
of the underlying DOPC membrane being exposed. While
PEG is often thought to improve the diffusive properties of
nanoparticles by sterically preventing the adsorption of colloi-
dal proteins,®"™™ it appears that this may not entirely be the
case here. It is possible that colloidal collagen molecules that
have not been incorporated into fibrils exist in our hydrogels
within the mesh spaces, but as was seen in the bLUVS, having
a layer of adsorbed collagen appears to increase mobility by
preventing adhesion to some degree. It seems more likely that
the PEG layer is directly preventing adhesion to the collagen
fibrils.
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We further investigated the interactions between PEG-
LUVs and collagen | by analyzing the same samples used for
single particle tracking with confocal microscopy. Collagen |
fibrils were imaged in reflection mode®®” and the labelled
LUVs were imaged with standard fluorescence confocal mi-
croscopy. Images of fibrils and particles were binarized and
the fibrils skeletonized (Fig. 3A,B) to remove pixel spread due
to their widths being below the optical diffraction limit. The
coordinates of the geometric centres of the particles were
determined and the distance to the nearest fibril was measured
using the Python implementation of the KD-Tree nearest-
neighbour algorithm.”> We found that the average particle-to-
fibril distance for each replicate was dependent on the overall
hydrogel mesh size of the replicate, and that the mesh size
varied greatly between samples due to natural sample hetero-
geneity (Suppl. Fig. 5). Alongside measurements of particle-
to-fibril distance, we also determined the mesh size of each
sample. By normalizing the average particle-to-fibril distance

Figure 4, Modeling EV mobility in collagen | hydrogels with synthet-
ic LUVs. A) Single particle tracking is used to determine the diffusion
coefficients of imaged particles. The base-10 logarithms of the diffu-
sion coefficients are binned into a histogram and the mobile fraction
is determined by summing up the bins that lie above the mobility
threshold of -13. Here, EVs are compared with synthetic LUVs com-
posed of pure DOPC (LUVs), DOPC LUVs previously incubated
with 0.05mg/mL solubilized collagen | to block their surfaces
(bLUVS), and PEGylated LUVs composed of DOPC + 1mol% DSPE-
mMPEG5K (PEG-LUVSs) in calcium-containing buffer (HBS+Ca).
Cartoons underneath illustrate the differences between the particles,
with EVs depicted in orange with complex composition, synthetic
DOPC LUVs depicted in blue, collagen depicted in green (here as
colloidal aggregates), and anchored PEG chains in black. Significant
differences are determined with 1-way ANOVA and Tukey-Kramer
post-hoc analysis, as indicated with * (p<0.01) and ** (p<0.05) B)
Schematic depiction of particle-to-fibril distance and fibril-associated
particles. Particles localized within 500nm of the central axis of a
collagen fibril, roughly the noise floor for determining colocalization
in our collected images, are considered fibril-associated by proximity.
C) Average distance from PEG-LUVs and EVs to the nearest collagen
fibril, normalized by hydrogel mesh size, as measured in calcium-free
(HBS) and calcium-containing (HBS+Ca) buffer. D) Proportion of
PEG-LUVs and EVs determined to be associated with collagen fibrils
by proximity. No significant differences were found with 2-way
ANOVA, but with 2-way T-tests on isolated data were found to be
statistically significant, as indicated by # (p<0.01). For (A,C,D), data
constitutes n=6 replicates for synthetic membranes and n=7 for EVs.

in each sample to its corresponding mesh size, we were able to
obtain particle positions relative to the mesh structure (Fig.
4B), which greatly reduced the variance of the data. We found
that the presence of calcium in the buffer (HBS+Ca) resulted
in a greater normalized particle-to-fibril distance than particles
in calcium-free buffer (HBS) for PEG-LUVs (Fig. 4C). The
opposite is true for EVs.

We next defined a fibril-associated particle as being one
whose centre is localized within 500nm of the central axis of a
collagen fibril (after skeletonization; Fig. 4D). This corre-
sponds roughly to a distance of 5 pixels in our images, and
thus, to the noise floor for determining colocalization: half the
apparent width of the collagen fibrils plus the apparent radius
of the imaged particles. For PEG-LUVs, the proportion of
fibril-associated particles appears insensitive to calcium de-
spite the increase in normalized particle-to-fibril distance. This
would suggest that the affinity of the PEG-LUVs for fibrillar
collagen | remains unchanged, though they tend to localize
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more towards the interior of the hydrogel mesh spaces when
they are not sticking to the fibrils. In contrast, particle-to-fibril
distance and fibril-association in EVs both decrease in the
presence of calcium. This seems counter-intuitive, but may be
due to an increase in transient or weakly-binding interactions,
leading to EVs being closer to fibrils overall, but not neces-
sarily colocalizing with them. There is also the possibility of
non-fibrillar colloidal collagen existing within the hydrogel
mesh spaces, which the EVs may be interacting with.

Because the mobile fraction and proportion of fibril-
associated particles are independent measurements from sepa-
rate analyses, it is not possible to comment on whether these
populations overlap. Nevertheless, we can think of these val-
ues as fractions of the whole population of particles in a sam-
ple. The mobile fraction for EVs has a median value of 0.6
and the proportion of fibril-associated EVs hovers around 0.2,
leaving a minimum of a fifth of particles overall, or half of the
immobile fraction unaccounted for that are immobilized, but
not bound to fibrils. These EVs could be binding to and be-
coming immobilized by unincorporated or denatured collagen
molecules that cannot be imaged with confocal reflectance
microscopy. Calcium could thus be altering the relative affini-
ties that particles have for fibrillar versus colloidal or dena-
tured collagen.

Altogether, it is evident that the behaviour of EVs can on-
ly be partially reproduced with synthetic LUVs. The complex
membrane composition of EVs prevents complete adhesion to
collagen while also enabling immobilizing interactions. While
LPMVs also possess a complex membrane composition, dif-
ferences in composition appear to result in functional differ-
ences in their mobility compared to that of EVs. This suggest
a degree of specificity in these interactions that warrant further
investigation.

Integrinsareresponsible for EV-matrix interactions

To determine which membrane component, if any, is
primarily responsible for the interaction of EVs with collagen
I, we treated EVs with trypsin (tEVs) to digest their surface
proteins. In doing this, we could determine if the immobiliza-
tion of EVs is due to a protein while lipid species would re-
main intact. The glycocalyx would also be largely intact,
though the digestion of glycosylated proteins may release
sugar chains anchored in this way. We found a significant
increase in the mobile fraction and average particle-to-fibril
distance in tEVs (Fig. 5A,D), suggesting that, indeed, proteins
are involved in the immobilization of EVs.

We next wanted to further narrow down the identity of
the protein or proteins involved in EV immobilization. A
previous study found that microvesicles derived from
myofibroblasts specifically bound collagen I via integrin com-
plexes containing the ITGB1 subunit.”® To see if this was the
case here, we treated our EVs with a cyclic
argynylglycylaspartic acid (RGD) peptide as a competitive
binder and inhibitor of RGD motif-binding integrins
(pepEVs).”*° From our Western blot analysis of protein ex-
pression in EVs, we know that ITGB1 is highly enriched in
the EV membrane. ITGB1 forms numerous ECM-binding
integrin complexes with a variety of a-subunits, several of
which are known to bind to RGD motifs found in fibronectin,
vitronectin, and fibrinogen.®*®? Importantly, RGD motifs can
be found in collagen I, but are only exposed and available for
binding upon full or partial denaturation of the collagen mole-
cule.®** Upon treatment of pepEVs with the RGD peptide, we
observe an increase in overall particle mobility (Fig. 4A; see

distribution of logy, diffusion coefficients in Suppl. Fig. 6).
This supports the existence of non-fibrillar, unincorporated or
denatured collagen in our hydrogels, similar to what has pre-
viously been reported.®® Moreover, due to the magnitude of
the increase, it seems EV mobility is more heavily influenced
by interactions with non-fibrillar collagen via RGD-binding
integrins than by those with fibrillar collagen. The sum of the
mobile fraction (>0.8) with the proportion of fibril-associated
particles (0.2~0.45) of pepEVs in both calcium-free and calci-
um-containing media exceeds 1, meaning these two popula-
tions of particles likely overlap and that some of these fibril-
associated particles might not be fully immobilized. This
suggests a degree of transience in these interactions with
fibrillar collagen, allowing particles to bind and unbind as they
diffuse along the collagen fibrils.

While their RGD-binding receptors would be inhibited,
pepEVs may still possess other uninhibited receptors, such as
those that bind the GFOGER peptide sequence on fibrillar
collagen 1.54%28%87 These receptors may require divalent cati-
ons other than calcium,**®” however, which would explain the
apparently weak interactions between pepEVs and the colla-
gen fibrils. Further analysis involving targeted knock-down or
inhibition of specific a- and B- integrin subunits would be
required to identify exactly which integrin complexes are
involved.

The role of calcium in particle interactions with collagen
appears to be context-specific. In tEVSs, the digestion of sur-
face proteins by trypsin tends to target lysine and arginine
residues, both of which are positively charged.®® Despite the
overall surface charge not changing significantly after
trypsinization (Suppl. Fig. 3), the increase in fibril association
in the presence of calcium may be due to electrostatic interac-
tions or ‘bridging’ between exposed, charged protein frag-
ments and fibrils. The particle-to-fibril distances of tEVs and
pepEVs increases in response to calcium, similar to PEG-
LUVs and opposite to untreated EVs. This increase in particle-
to-fibril distance may therefore be a consequence of non-
specific charge interactions while a decrease, as seen in un-
treated EVs would be due to specific receptor-ligand interac-
tions, as discussed above. LPMVs do not appear to be affected
by calcium, possibly due to alteration of surface proteins by
the vesiculation agent or more likely because of overall differ-
ences in membrane composition.

The existence and localization of non-fibrillar collagen
within the fibrillar mesh network of our hydrogels is difficult
to definitively prove with imaging. Contrast in confocal reflec-
tance microscopy is generated from backscattered light off of
materials with sufficiently different refractive indeces.®® Col-
lagen fibrils, due to their dense aggregation and regular align-
ment of molecules have a strong enough optical density to
show up in images. While this imaging technique is not specif-
ic for fibrillar collagen like second harmonic generation,” it is
unable to pick out materials whose optical qualities are too
similar to the aqueous background. This automatically ex-
cludes molecules in solution, as well as any polymeric materi-
als that hold onto substantial amounts of water, such as hyalu-
ronic acid and  other  glycosaminoglycans  and
proteoglycans.®”** We can therefore be fairly confident that
our images with confocal reflectance primarily represent non-
denatured fibrillar collagen 1. Visualization of non-fibrillar
collagen would not be possible without labelling and possibly
altering the molecular structure of the collagen. Our hydrogels
were also too dilute for Raman microscopy with the Raman
signal too weak for differentiating between fibrillar and non-
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fibrillar structures. It is, thus, only possible to infer the exist-
ence of non-fibrillar collagen in our hydrogels from our data.
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Figure 5, EV mobility in collagen | hydrogels is modulated by RGD-binding receptors. A) Mobile fractions of EVs diffusing in collagen | hydro-
gels are compared with those of trypsinized EVs (tEV), cyclic RGD-peptide-treated EVs (pepEV), and LPMVs. The presence of calcium does not
appear to affect mobile fraction, but EVs are significantly less mobile tEVs, pepEVs, and LPMVs. Cartoons below compare the composition and
state of the particles. From left to right, an intact EV is compared with a trypsinized EV with its surface proteins digested, an EV treated with cyclic
RGD peptides (blue triangles), and an LPMV with a membrane composition closer to that of whole cell plasma membrane. B,C) Composite confo-
cal images of collagen fibrils (green; image obtained in reflection mode) and fluorescently labelled EVs (magenta) in calcium-free (B) and calci-
um-containing (C) buffer. Images consist of a projection in the Z-axis over 10 slices with 0.8um spacing. Full-sized images of the 40x40um imag-
es from which these images were cropped can be found in Suppl. Fig. S7. D) Average particle-to-fibril distances of EVs, tEVs, pepEVs, and
LPMVs, normalized by hydrogel mesh size. EVs are found significantly closer to collagen fibrils compared to tEVs, pepEVs, and LPMVs. Calci-
um further decreases the particle-to-fibril distance in EVs, but has the opposite effect in tEVs and pepEVs. LPMVs appear insensitive to the pres-
ence of calcium. E) Comparison of the proportion of fibril-associated particles, as determined by proximity. There are significantly less EVs
colocalizing with collagen fibrils compared to pepEVs and LPMVs. Calcium appears to further decrease colocalization in EVs, but the opposite is
true for tEVs. pepEVs and LPMVs are unaffected by calcium. Data for EVs are the same from previous figures, but used for separate statistical
comparisons. Significant differences between particle types are determined with 2-way ANOVA with Tukey-Kramer post-hoc analysis (p<0.05), as
indicated by *. Significant differences due to the presence of calcium within the same particle condition are determined with 2-way T-test, as
indicated by # (p<0.01) and ## (p<0.05).

Implications of EV-matrix interactions

Our results showing that cyclic RGD peptides can be
bound by EVs and that this appears to increase EV mobility
within a reconstituted ECM environment has important impli-
cations for the use of RGD peptide-based drugs’”~"°. Because
EVs are found nearly ubiquitously in biological fluids***®,
they have the potential to act as sinks for therapeutic substanc-
es, taking up drug molecules meant to reach target cell popula-
tions and lowering overall treatment efficacy. Moreover, the
use of RGD peptides as integrin inhibitors to treat cancers’" "
may have the unintended effect of allowing cancer cell-

derived EVs to become more mobile, increasing their range
and ability to reach cells in distant tissues. Increasing evidence
points towards EVs having the ability to prime tissue envi-
ronments for metastatic invasion by reprogramming stromal
cells or modifying the local ECM environment®*#161920:5092
While inhibition of specific integrin complexes may prevent
settling and trapping of EVs in certain tissues,"* the presence
of other integrin complexes may simply allow them to settle in
other tissue environments. It does not seem feasible with cur-
rent technology to attempt to inhibit all integrin species in EVs
to prevent them from settling anywhere. Research on integrin-

8


https://doi.org/10.1101/2024.05.29.596426
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.29.596426; this version posted June 2, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

inhibiting therapeutics would therefore benefit from in vivo
studies involving analysis of circulating EVs and their ulti-
mate distribution patterns in different tissues.** Our results
suggest, however, that it is possible to control diffusion and
infiltration of EV-like particles to deliver therapeutic materials
to cells in specific tissue microenvironments. Tailoring surface
properties of nanoscale vehicles for therapeutics to interact
with ECM materials could allow for more precise delivery
mechanisms.

Conclusions

Tissues consist of complex microenvironments and the dif-
fusion of particles within them is governed by different kinds
of non-specific physical and electrostatic,®® as well as bio-
chemical interactions. EVs contain all the necessary machin-
ery for interfacing with ECM materials and it is the expression
of different kinds of surface receptors that determines what
kind of interactions are possible. While we can emulate the
basic biophysical properties of EVs with synthetic lipid vesi-
cles, their interactions with ECM components and overall
diffusive behaviour are controlled by more specific biochemi-
cal factors.

Compared to EVs, synthetic lipid LUVs tend to be immo-
bilized in collagen | hydrogels unless a buffer layer of ad-
sorbed colloidal proteins or PEG as a surface crowder exists to
prevent adhesion. We also compared the behaviour of EVs to
LPMVs, membrane structures of similar size and shape to EVs
but with a composition that should more closely reflect that of
whole cell plasma membrane. Despite coming from the same
source cell type, EVs and LPMVs differ not only in composi-
tion and biophysical state, but also in terms of their interac-
tions with collagen | and resulting diffusive behaviour. Final-
ly, by using different strategies to modify EV interactions with
collagen I, we were able to identify RGD-binding integrins as
being primarily responsible for EV mobility.

Trypsinization and treatment with a cyclic RGD peptide
allowed us to narrow down the membrane component respon-
sible for immobilization in collagen | hydrogels; first to a
protein, then to an RGD-binding integrin complex. The ability
of RGD peptides to increase EV mobility has important impli-
cations for the use of RGD peptide-based drugs, especially for
treating cancer, but also shows that the diffusion and distribu-
tion of nanoparticles can be controlled by altering surface
interactions. With more precise control over these interactions,
nanoparticles could be designed to infiltrate and target specific
tissues or be retained in others.

Materialsand M ethods
Cell Culture

MDA-MB-231 breast cancer cells were obtained from the
American Type Culture Collection and cultured in 100mm-
diameter Petri dishes at 37°C under 5% CO,. The complete
culture medium consisted of low-glucose Dulbecco’s Modi-
fied Eagle’s Medium (DMEM; Sigma-Aldrich, USA) supple-
mented with 10% fetal bovine serum (FBS; Thermo Fisher
Scientific, USA) and 1% penicillin-streptomycin (Thermo
Fisher Scientific, USA). Cells were passaged every 3-4 days at
80-90% confluency as follows: old medium was removed and
cells were washed twice with phosphate buffered saline (PBS;
137mM NaCl, 2.7mM KCI, 10mM Na,HPO,, 1.8mM
KH,PO,4). Next 2mL trypsin/EDTA solution (PAN-Biotech,
Germany) was added and the cells returned to the incubator
for 5 minutes to allow detachment. The trypsin was quenched
with an addition of 2mL complete culture medium before

being collected and centrifuged at 200xg for 10 minutes. After
pelleting, the supernatant was disposed and the pellet was
resuspended in fresh complete culture medium. Cells were
plated in Nunc cell culture-treated Petri dishes (Thermo Fisher
Scientific, USA) with 7-8mL of culture medium at an approx-
imate split ratio of 1 to 3 or 4.

Buffers

In order to study the effects of calcium on membrane in-
teractions with collagen, we could not use PBS due to the
tendency for calcium to crash out of solution as calcium phos-
phate. Instead, we opted to use a calcium-containing buffer
previously described for use in generating giant plasma mem-
brane vesicles (GPMVs)®, referred to as GPMV buffer and
consisting of 150mM NaCl, 10mM HEPES, and 2mM CaCl,;
pH 7.4. In this manuscript, we refer to this buffer as HBS+Ca
to contrast it with our calcium-free buffer, which is a custom
HEPES buffered saline (HBS) mixture consisting of 150mM
NaCl and 16mM HEPES, pH 7.4. In this buffer, the calcium
was removed from the original HBS+Ca recipe and the
amount of HEPES was increased to compensate for the loss in
osmolality. The osmolality of both buffers was determined to
be 303mOsm/kg with a Gonotech freezing point osmometer
(Gonotech, Germany). The amount of calcium in HBS+Ca is
reprtg;entative of extracellular calcium concentrations in tis-
sues™.

Generation and purification of EVs

To obtain enough EVs for experiments, 10-12 plates of
cells were cultured normally to 80-90% confluency. To avoid
contamination with bovine vesicles, cells were switched to a
serum-free medium. First, plates of cells were washed 3 times
with PBS before the medium was replaced with 7mL low-
glucose DMEM supplemented with 1% penicillin-
streptomycin. Cells were incubated for 3 days in serum-free
conditions to generate EVs. Serum-starvation should also have
enhanced the number of EVs generated'®. Conditioned media
were collected and pooled together, then centrifuged at 400xg
for 10 minutes to pellet dead cells which may have been lifted
off the plate. The supernatant was retained and centrifuged at
2000xg to remove remaining cell debris before being concen-
trated using 100kDa Amicon Ultra-15 centrifugal filters
(Merck Millipore, USA), centrifuged at 3400xg to a final
volume of 1mL. The concentrated conditioned medium was
then incubated for 10 minutes with 1ulL 2.5mg/mL 1,1'-
Dilinoleyl-3,3,3',3'-Tetramethylindocarbocyanine, 4-
Chlorobenzenesulfonate (FAST Dil; Fischer Scientific, USA)
dissolved in ethanol or luL 2.5mg/mL N,N-Dimethyl-6-
dodecanoyl-2-naphthylamine (LAURDAN; Thermo Fisher,
USA) dissolved in dimethyl sulfoxide to label the EVs. The
sample was then run through a homemade size exclusion
chromatography column made with a 10mL syringe with the
plunger removed, packed with Sepharose CL-4B base matrix
(Sigma-Aldrich, USA), and eluted with gravity flow.

To equilibrate the Sepharose, approximately 15mL of sus-
pended Sepharose matrix was allowed to settle in a 50mL
conical tube for 2 hours and the liquid medium was removed
and replaced with fresh HBS. This was repeated 5 times to
wash the Sepharose beads. A syringe was prepared by stop-
ping it with an end cap and a Whatman polycarbonate mem-
brane filter with 10um pore size (Sigma-Aldrich, USA) was
cut to fit in the bottom to prevent the Sepharose beads from
coming out. After the final wash, the Sepharose beads were
suspended in HBS and loaded into the prepared syringe and
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left overnight to pack. Two column volumes (20mL) of HBS
were run through the column before the sample was added. Up
to 20 fractions of approximately 500uL each were collected
with 1mL additions of HBS at a time. Fractions 7-10 were
found to be enriched in particles 100-400nm in diameter, as
determined with dynamic light scattering (see SF. 1). These
were pooled together and re-concentrated using centrifugal
filter tubes with a molecular weight cutoff of 100kDa. To
obtain vesicles in a calcium-containing buffer, EVs were
concentrated and resuspended in HBS+Ca before re-
concentrating. This was repeated 5 times to replace the medi-
um.

Generation of GPMVsand extrusion of LPMV's

GPMVs were generated according to a previously report-
ed protocol”®. Briefly, 10-12 plates of 80-90% confluent
MDA-MB-231 cells were washed twice with PBS, then once
with HBS+Ca (referred to as GPMV buffer in the original
protocol). A stock solution was made of 1M N-ethylmaleimide
(NEM; Sigma-Aldrich, USA) dissolved in distilled water. This
was stored at -20°C and thawed before use. The buffer in each
plate was then replaced with 2mL vesiculation buffer, consist-
ing of HBS+Ca plus 2uL NEM stock per 1mL of HBS+Ca
buffer. Plates were left to incubate at 35°C for 1 hour to allow
for vesiculation. GPMVs were then collected by gentle pipet-
ting, avoiding uplift of the cells. The vesiculated material was
centrifuged at 100xg for 10 minutes to remove cell debris,
then at 20000xg for 1 hour to pellet the GPMVs. The superna-
tant was removed and the pellet resuspended in 1mL HBS+Ca.
This material was then incubated with 1uL FAST Dil or
LAURDAN, similarly to EVs for 10 minutes to label the
membranes. The labelled membranes were extruded with an
Avanti handheld extruder fitted on a heating block (Avanti
Polar Lipids, USA) set on a hot plate at 37°C. Extrusion was
done in 2 steps, first 21 passes through a Whatman Nuclepore
400nm-pore size track-etched membrane filter, then 21 passes
through a 200nm-pore size filter (Sigma-Aldrich, USA). If
done at room temperature, the membrane material tended to
clog the pores of the filter. At 37°C, the membrane was in the
fluid state, allowing greater ease in extrusion and ensuring the
inclusion of lipids that would otherwise be in the gel state at
room temperature. The resulting LPMVs were concentrated
and washed the same way EVs were.

CryoSEM of EVsand LPMVs

EV and LPMV suspensions were concentrated approxi-
mately tenfold with centrifugal filter tubes with a molecular
weight cutoff of 100kDa. Sample volumes of around 14uL
each were sandwiched between two type B gold-coated freez-
ing discs (BALTIC Preparation, Germany) and high pressure
frozen with a Leica EM HPM100 High Pressure Freezer
(Leica Microsystems, Austria). Samples were mounted under
liquid nitrogen onto a cryo-sample holder in a Leica EM VCM
Mounting Station (Leica Microsystems, Austira), then trans-
ferred using a VCT500 shuttle (Leica Microsystems, Austria)
to a Leica EM ACE600 system (Leica Microsystems, Austria)
for freeze-fracturing and sputter coating. Particles embedded
in the surrounding frozen medium were exposed by freeze-
fracturing and an 8nm-thick platinum film was applied at -
160°C. Samples were transferred to a Quattro Environmental
Scanning Electron Microscope (Thermo Fisher Scientific,
USA) under high vacuum at a pressure of 3.08x10"Torr. An
Everhart-Thornley detector was used with an acceleration
voltage of 5.00kV.

Production of LUVs

All lipids were purchased from Avanti Polar Lipids
(USA) and were dissolved in chloroform. LUVs were pro-
duced from lipid mixtures consisting of 4mM DOPC or 4mM
DOPC +1mol% DSPE-mPEG5K with 0.5mol% Dil (Fisher
Scientific, USA) as a fluorescent label. First, 20uL of lipid
was spread and dried in a glass vial under vacuum for 1 hour.
Next, the lipid was rehydrated with 1mL buffer, either HBS or
HBS+Ca, then vortexed for 5 minutes to form multilamellar
structures. These were then extruded 21 passes with an Avanti
handheld extruder fitted with a 200nm pore size Whatman
Nuclepore track-etched membrane filter.

DL Schar acterization of size and surface charge

Dynamic light scattering (DLS) was used as a first pass at
characterizing the size distribution of EVs and LPMVs. It was
also used to ensure quality and uniformity of extruded synthet-
ic LUVs. Samples of particles were loaded into disposable
folded capillary tubes (DTS1070; Malvern Panalytical, UK)
and measured with a Malvern Instruments Nano-ZS Zetasizer
equipped with a 632.8-nm 4-mW HeNe laser (Malvern
Panalytical, UK). Size distributions were obtained at a scatter-
ing angle of 173° before determination of zeta potential. The
high salt buffer conditions likely resulted in electrostatic
screening, so the zeta potential here is presented as a relative
measure of surface charge.

Western blot characterization of protein expression

Ten plates’ worth of EVs and LPMVs, along with the
non-EV fractions obtained with SEC (fractions 1-6, 11-20)
were concentrated in centrifugal filters to a final volume of
approximately 200uL. These were then lysed using 20uL
radioimmunoprecipitation assay (RIPA) buffer at 10x concen-
tration (1.5M NaCl, 10% Nonidet-P40, 5% sodium
deoxycholate, 1% sodium dodecyl sulfate [SDS], 500mM
Tris). Lysates were stored at -80°C until use. Whole cell ly-
sates were obtained by adding 2mL 1x RIPA buffer to one
plate of 90% confluent MDA-MB-231 cells and scraping and
pipetting to dislodge the cell material. A Bradford assay was
used to determine the amount of whole protein in the lysates.
Briefly, 10uL of each sample was diluted to a final volume of
100pL in a 96-well plate with PBS. Samples were then serially
diluted by adding 100uL PBS, pipetting up and down to mix,
and then transferring 100uL of the mixed sample to a new
well. This was repeated to obtain a dilution series. Each well
then received 100uL of Bradford reagent (Thermo Fisher,
USA). The plate was gently shaken to mix the well contents
and the absorbance at 595nm was measured with a Biotek
Cytation 5 Microplate Reader (Agilent, USA). The
absorbances of the diluted samples were used to form dilution
curves and the slopes of the linear regions of each curve were
compared to determine the necessary dilution factors for each
lysate that would allow the curves to overlap. The original
samples were then diluted accordingly with distilled water to
normalize for whole protein content.

For polyacrylamide gel electrophoresis, Laemmli Buffer
(Bio-Rad, USA) at 2x concentration was supplemented with
B-mercaptoethanol (Sigma-Aldrich, USA) according to the
manufacturer’s instructions, then added 1:1 to samples before
heating to 95°C for 5 minutes. Once cooled, samples were
vortexed to homogenize them, then loaded in 25uL volumes
onto a homemade 10-well 10% acrylamide stacked SDS-
PAGE gel with a 4% acrylamide stacking layer. Progression
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of the separation of molecular weights was visualized with a
Spectra Multicolor Broad Range Protein Ladder (Thermo
Fisher, USA). Electrophoresis was run at 100V for 1 hour,
then at 150V for 45 minutes in homemade Tris-glycine-SDS
running buffer (25mM Tris, 192mM glycine, 0.1% SDS) using
a Bio-Rad Mini-PROTEAN Tetra cell, tank, and power supply
(Bio-Rad, USA). The proteins were then transferred to a
polyvinylidene fluoride (PVDF) membrane (Bio-Rad, USA)
with the Bio-Rad wet blotting cell at 200V for 90 minutes in
Tris-glycine transfer buffer (25mM Tris, 192mM glycine, 20%
v/v methanol). After transfer, the PVDF membrane was equil-
ibrated in Tris-buffered saline (20mM Tris, 150mM NaCl)
with 0.1% Tween-20 (TBST) before being blocked overnight
at 4°C or for 1 hour at room temperature with gentle orbital
shaking in 2.5% wi/v bovine serum albumin (BSA; Sigma-
Aldrich, USA) dissolved in TBST.

The proteins, ALIX, CD63, and ITGB1 were probed in
that order as follows: after blocking, the blot was rinsed with
TBST, then allowed to incubate overnight at 4°C with primary
antibody, diluted 1:1000 in 1% BSA dissolved in TBST. The
blot was then rinsed three times with TBST, then incubated
with the appropriate horseradish peroxidase-conjugated sec-
ondary antibody, diluted 1:1000 in 1% BSA dissolved in
TBST for an hour at room temperature. Blots were, again,
rinsed three times with TBST before 750uL each of two Pierce
ECL Western Blotting Substrate solutions (Thermo Fisher,
USA) were added. Blots were shaken and allowed to incubate
at room temperature for 5 minutes before imaging with a
G:Box Chemi XX6 gel documentation system (SynGene, UK)
under chemiluminescence mode. After imaging, blots were
rinsed with TBST, then stripped to allow subsequent probing
of other proteins. A mild-strength acidic stripping buffer was
used, consisting of 200mM glycine, 0.1% SDS, 1% Tween-20,
pH 2.2. A small amount of stripping buffer was first added to
blots to lower the pH, then discarded before enough was added
to cover the blot. The blot was then left to strip for 20 minutes
at room temperature with gentle rocking. The buffer was next
discarded, and the blot was stripped a second time as before.
To neutralize the blot pH, the blot was rinsed three times with
TBST, then blocked with 2.5% BSA in TBST for the next
round of antibody treatment.

The following primary antibodies were purchased from
Thermo Fisher (USA) and used for Western blot analysis:
ALIX recombinant rabbit monoclonal antibody (JM85-31),
CD63 mouse 1gG1l monoclonal antibody (Ts63), ITGB1
mouse 1gG1l monoclonal antibody (3B6). The following sec-
ondary antibodies were used with the appropriate primary
antibody, according to source species selectivity: Goat anti-
mouse 1gG (H+L) HRP-conjugated secondary antibody
(Thermo Fisher, USA) and goat anti-rabbit HRP-linked 1gG
secondary antibody (Cell Signaling Technology, USA). Full,
uncropped versions of blots can be found in the Supplemental
Materials, SF. 2.

LAURDAN fluor escence spectroscopy and phasor analysis
EVs and LPMVs labelled with 0.5mol% LAURDAN
were loaded in a quartz crystal cuvette (Hellma, Germany) and
their fluorescence spectra were measured with 360nm excita-
tion using a FluoroMax Plus Spectrofluorometer (Horiba,
Japan). The spectral information were then converted to
phasor coordinates, as previously reported® " with the follow-
ing equations:
%1l (Wcos 2mn(A = 1)/L) (1)

6= O

_ 2 lW)sin 2rn(A— 2;)/L) 2
B 221D

Where I(4) is the measured fluorescence intensity at wave-
length, A; n is the harmonic number (here taken to be 1); 4; is
the initial or shortest wavelength measured; and L is the length
of the spectrum. Once converted to phasor coordinates, the
data points were plotted on a Cartesian plane, where G (Eq. 1)
was the x-coordinate and S (Eq. 2) was the y-coordinate.

We also measured the fluorescence spectra of
multilamellar membranes produced from the following lipid
mixtures, dissolved at 4mM overall lipid concentration with
0.5mol% LAURDAN in chloroform; pure DOPC, 70% DOPC
+ 30% cholesterol (DOPC+Chol), and 13% DOPC + 44%
dipalmitoylphosphatidylcholine (DPPC) + 43% cholesterol
(Ternary Lo). Cholesterol was purchased from Sigma-Aldrich
(USA). All other lipids were purchased from Avanti Polar
Lipids (USA). The multilamellar membranes were produced
by drying 10uL of the lipid mixtures in glass vials under vac-
uum for 1 hour before rehydrating in 500uL buffer (either
HBS or HBS+Ca). Phasor analysis of the synthetic membranes
produced a linear trajectory showing increasing packing,
membrane dehydration, and membrane order from DOPC to
the ternary Lo mixture. Alignment with this trajectory in EVs
and LPMVs suggests a simple biophysical state that can be
replicated with minimal lipid membrane systems. Information
on lipid phase separation cannot be gleaned from this analysis,
as the signals from LAURDAN molecules in different phases
would sum as a linear combination, resulting in a mean spec-
trum resembling that of a single phase of intermediate mem-
brane order.

S

EV treatmentsto inhibit integrin function

To determine if proteins were responsible for EV immo-
bilization in collagen | hydrogels, EVs were trypsinized with
TrypLE™ Express Enzyme (Thermo Fisher, USA). EV sus-
pensions were first concentrated down to approximately
100uL with centrifugal filter tubes with a molecular weight
cutoff of 100kDa. Next, 200uL of trypsin solution was added
directly to the EV suspension in the centrifugal filter tubes.
This was allowed to incubate at 37°C for 10 minutes before
being diluted with HBS or HBS+Ca, depending on the desired
final buffer condition to fill the filter tube (approximately
800uL). The sample was then centrifuged at 3400xg to con-
centrate it down to 100uL before being washed a further 4
times in this manner to remove the trypsin. EV size distribu-
tions and surface charge before and after trypsinization were
measured with DLS (SF.6).

To specifically inhibit RGD motif-binding integrins, EVs
were treated with a cyclic RGD peptide with the following
amino acid sequence: GGGGCRGDSPC (Peptide 2.0, USA).
A 12mM stock solution was prepared in distilled water, then
aliquoted and diluted 1:1 with 2x concentration HBS or
HBS+Ca. This was then added to EV suspensions to a final
concentration of 120nM peptide. Previous studies on the use
of cyclic RGD peptide-based drugs has shown that receptor
affinity varies with integrin subtype, with 1Cs, values spanning
several orders of magnitude, but generally in the nano-molar
range’®®.

Formation of collagen | hydrogels

To form 50uL hydrogels, 12.5uL of a 6mg/mL stock so-
lution of solubilized collagen | from bovine skin (Sigma-
Aldrich, USA) was pipetted into a well of a 96-well plate. The
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plate and the stock were kept on ice to prevent premature
gelation. The pH of the collagen was corrected to approxi-
mately 7 with 1uL 1M NaOH, then diluted 1:1 with 12.5uL 2x
concentrated buffer (HBS or HBS+Ca). The solution was
mixed by pipetting up and down before being further diluted
1:1 with 24uL 1x concentrated buffer, resulting in a final
dilution factor of 1:4 and an in-gel collagen | concentration of
1.5mg/mL. To maintain humidity, surrounding wells of the
96-well plate were filled with distilled water. The whole plate
was then sealed with parafilm and placed in an incubator at
37°C to allow gelation overnight.

Single particle tracking and analysis of mobility

To maintain the same approximate particle concentration
that is added to gels across sample preparations, labelled vesi-
cles were imaged with a pco.Edge sSCMOS camera (PCO AG,
Germany) mounted on a Zeiss AXIO Observer.D1 microscope
equipped with a 63x 1.2NA water immersion C-Apochromat
objective (Carl Zeiss, Germany) in epifluorescence mode. The
number of particles in solution was counted with a particle
detection function in FIJI and the particle suspensions were
diluted accordingly. Particles were introduced to hydrogels by
pipetting 10uL of suspension onto collagen gels and allowing
them to incubate at 37°C for minimum 3 hours to allow parti-
cles to diffuse throughout.

Image sequences of diffusing particles in 80x80um re-
gions in hydrogels were collected as above with a pco.Edge
SCMOS camera at a frame rate of 20fps with ~45ms exposure.
The particle tracking plugin developed for FIJI by Sbalzarini
and Koumoutsakos® was used to identify particles and deter-
mine their diffusion coefficients. For analysis of mobility, the
base-10 logarithms of the diffusion coefficients were deter-
mined and visualized with histograms normalized such that
the bins sum up to 1 (SF.3 and 5). To determine the mobile
fraction, the bins of the histogram above a log,, diffusion
coefficient value of -13 were summed. In a previous publica-
tion, we were able to define a threshold based on the noise
floor of our imaging system for determining whether a particle
was mobile®. Here, we were unable to define such a threshold
because the particle size was not as well-defined, with a rela-
tively high degree of polydispersity especially in EVs. As
such, we chose -13 as a value that appears to clearly separate
the bimodal peaks of the distributions we obtained, and that
corresponds to a particle that is definitely ‘mobile’.

Confocal microscopy of collagen gels

Collagen fibrils were imaged in confocal reflection
mode®® with a Leica SP8 FALCON microscope equipped
with a 63x 1.2NA water immersion objective (Leica, Germa-
ny) with 488nm argon laser illumination. Z-stacks consisting
of 30 images were obtained with 0.75um spacing to get more
data. In parallel, Dil-labelled particles were imaged with
561nm diode laser excitation.

Hydrogel mesh size was determined according to a previ-
ously described procedure with slight modification® (Fig. 3).
Our confocal reflectance images contained scanner artifacts
that we removed with a bandpass filter. This unfortunately
introduced a spreading effect on the fibril pixels, so we
binarized and skeletonized the images with FIJI to obtain the
central axes of the fibrils. The exact width of the fibrils them-
selves would not be determinable with confocal microscopy,
as they appear to be below the optical diffraction limit. As
such, skeletonization does not remove any important infor-
mation and allows mesh size, as well as particle-to-fibril dis-

tance to be defined by the central axes of fibrils, which we
believe to be more accurate. Mesh size was then determined
by counting up the number and sizes of spaces in the x- and y-
directions of the image between fibril pixels. The distribution
of the sizes of these spaces fall into exponential distributions,
where the mean value is defined by the exponent. Distribu-
tions were thus fit to exponential functions using the
MATLAB curve fitting toolbox and the mean values were
determined and converted from pixel values to lengths in
micrometers. Thus, mesh size corresponds to the average
length between fibrils.

To determine particle-to-fibril distance, fluorescence im-
ages of particles were binarized and the coordinates of the
geometric centres of the particles were determined with FIJI.
These coordinates could then be cross-referenced with the
skeletonized images of the fibrils to determine the distance to
the closest fibril. The Python implementation of the KD-Tree
nearest neighbour search algorithm’ was used to determine
these distances for each particle. We noticed that particle-to-
fibril distance had a strong dependence on mesh size (see
Suppl. Fig. 5), which tended to vary between samples. To
eliminate this effect, we normalized particle-to-fibril distance
to the mesh size, as determined above. We then defined a
fibril-associated particle to be a particle that is colocalized or
directly adjacent and touching a fibril. The noise floor for this
would be approximately half the apparent width of the fibrils
in our images (2-3 pixels) plus the apparent radius of the parti-
cles (also 2-3 pixels). The threshold distance for a fibril-
associated particle was thus determined to be 5 pixels, corre-
sponding to approximately 500nm. The proportion of fibril-
associated particles was then determined to be the proportion
of particles whose particle-to-fibril distance fell below 500nm.

Statistics and data presentation

Boxplots show the median value of the dataset (middle
line), first and third quartiles (box limits), and the maximum
extent of non-outlier data (whiskers). Averaged histograms
show mean value with error bars showing standard deviation.
Statistical significance was determined with N-way ANOVA
(as indicated) with Tukey-Kramer post-hoc analysis for multi-
ple comparisons at the significance levels indicated. Differ-
ences due to the presence of calcium were confirmed with 2-
way T-tests on the isolated conditions. Statistics were comput-
ed with MATLAB. Multiple collections of EVs and LPMVs
were conducted to obtain experimentally independent repli-
cates. Individual replicates for determining mobile fraction,
particle-to-fibril distance, and fibril association consist of 100-
500 identified particles. The variability in identified particles
is partially due to differences in particle mobility and also due
to inhomogeneities within and across hydrogel samples.
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Supplemental Figure 1, DLS analysis of EV and LPMV size distribution. A) Size distributions of particles
detected by DLS in the different fractions collected during SEC purification of EVs. Different colours
represent different replicates. The target particle size range of 100-400nm and the collected fractions are
shaded in grey to show that they intersect. Y -axes of the size distributions represent DLS intensity and
have been normalized to show relative enrichment as opposed to absolute abundance. Although fraction 6
appears to have EVs in the target size range, the overall particle enrichment is much lower than in
fractions 7-10. B) Comparison of EV (orange) and LPMV (magenta) size distributions. EV traces
represent pooled EV fractions. EVs are expected to be more polydisperse because LPMVs are extruded
with a defined filter pore size. Different traces represent different replicates. The shaded grey area
corresponds to the target size range of 100-400nm.
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Supplemental Figure 2, Western blot
analysis of protein expression. The full
uncropped blots from Fig. 2B in the main
text are presented here for reference.
Samples were loaded, from left to right:
ladder (L), whole cell lysate, LPMVSs, EVS,
non EV SEC fractions, non EV SEC
fractions, EVs, LPMVs, whole cell lysate,
ladder. The same blot was stripped and
reprobed twice to get a direct comparison of
protein enrichment. Top: Alix expression
appears at the expected size of 100kDa with
some off-target binding. Middle: CD63
appears with broad smearing between 40
and 70kDa with little apparent off-target
binding. Bottom: integrin -1 is clearly
expressed as a single, well-defined band at
140kDa with no off-target or non-specific
binding.



L

Particle Surface Charge B) 1 Particle Size After Trypsinization

x

—_
(=]

n
L1
00}

Zeta-Potential (mV)
=
L I |
DLS Intensity
)

L
o
N}

N o' W8° N (¥® 1.00
< \,?“\ W G'\’\) Particle Diameter (nm)

Q¢

Supplemental Figure 3, Effect of trypsinization on EV surface charge and size. A) Relative surface
charges of different particles, as represented by zeta-potential measurements in high ionic strength buffers
(HBS). Cell-derived membranes are shown in pink and synthetic membranes are shown in blue. EVs and
LPMVs have similar surface charge and trypsinization does not appear to significantly affect EV surface
charge. Synthetic DOPC LUVs and PEGylated LUVs have less negative charges. Data is presented as a
box plot, indicating the median (middle bar), 2" and 3 quartiles (box), and maximum extent of the data
(whiskers). B) Size distributions of EVs before (orange) and after (grey) trypsinization. While overall size
does not appear to change much, there appears to be slightly more variability in size and the possible
existence of aggregates in tEVs (seen here as extra peaks).
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Supplemental Figure 4, Histograms of logso diffusion coefficients. Individual experimental replicates are
shown in the left column in different colours and the mean distributions are shown in the right column
with error bars showing standard deviation. Grey shaded areas show the mobile fraction above the
mobility threshold of -13. A dotted line shows the Stokes-Einstein predicted value for an ideal 200nm-
diameter spherical particle diffusing in liquid water (-12). A) DOPC LUVs are entirely immobilized in the
collagen I hydrogels. B) DOPC LUVs previously incubated with solubilized collagen I to ‘block’ their
surfaces (bLUVs) regain some mobility in hydrogels. C) PEGylated LUVs (PEG-LUVS) show the
greatest mobility of the synthetic membranes tested, and have a similar mobile fraction to EVs. They
show, however, more polarized behaviour, with particles either fully immobilized or very mobile, with
fewer particles with intermediate diffusion coefficient values. All LUVs were tested in calcium-
containing buffer (HBS+Ca).
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Supplemental Figure 5, Relationship between hydrogel mesh size and particle-to-fibril distance. Each data
point represents a different replicate, with the colours showing the different particles tested in calcium-
containing (HBS+Ca, triangles) and calcium-free (HBS, circles) buffer. Mesh size was not varied on
purpose, but arose by natural heterogeneity between hydrogel samples. Average particle-to-fibril
distances of each sample were normalized by the sample mesh size, which was determined in parallel.
This removed the mesh size dependence and decreased overall variance in the data set. Alternatively, the
normalized data can also be interpreted as the slope of the trend between particle-to-fibril distance and
mesh size.
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Supplemental Figure 6, Distributions of logso diffusion coefficients of cell-derived vesicles diffusing in
collagen I hydrogels with calcium-free (HBS) and calcium-containing (HBS+Ca) buffers. Histograms
with different colours show individual experimental replicates, while blue histograms with error bars
show mean distributions with standard deviation. A dotted line indicates the threshold value of -13 used
to determine mobile fraction.



Supplemental Figure 7, Representative examples of EVs diffusing in collagen | hydrogels. Images consist
of compound vertical projections of confocal reflectance images of collagen 1 fibrils (green) and confocal
fluorescence microscopy of fluorescently-labelled EVs in calcium-free HBS (A) and calcium-containing
HBS+Ca (B). Vertical projection was done over a stack of 10 images with 0.75um spacing between slices
in order to capture more fibrils and particles than could be done with a single slice. Image analysis for
mesh size, particle-to-fibril distance, and fibril association were nonetheless conducted on single slices
and averaged over the whole stack.



