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Abstract: The biggest challenge in the current isolation methods for lipid bilayer-encapsulated vesicles,
such as exosomes, secretory, and synthetic vesicles, lies in the absence of a unified approach that
seamlessly delivers high purity, yield, and scalability for large-scale applications. Addressing this gap,
we have developed an innovative method that utilizes photosensitive lipid nanoprobes specifically
designed for the efficient isolation of vesicles and sorting them into subpopulations based on size. The
photosensitive component in the probe undergoes cleavage upon exposure to light, facilitating the release
of vesicles in their near-native form. We demonstrate that our method provides superior capability in
isolating extracellular vesicles from complex biological media and separating them into size-based
subpopulations within 1 hour, achieving better efficiency and purity than ultracentrifugation.
Furthermore, this method’s cost-effectiveness and rapid enrichment of the vesicles align with the demands
for large-scale isolation and downstream analyses of nucleic acids and proteins. Our method opens new
avenues in exploring, analyzing, and utilizing synthetic and extracellular vesicle subpopulations in

various biomedical applications, including diagnostics, therapeutic delivery, and biomarker discovery.
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1. Introduction

Extracellular vesicles (EVs), ranging from exosomes, microvesicles, and ectosomes to location specific
variants such as mitochondrial EVs, encapsulate diverse molecular components from their parent cell,
such as proteins and micro RNA, to fulfill specific physiological functions.!~” It is widely accepted that
EV subpopulations, each with distinct biophysical and biochemical traits, uniquely affect recipient cells,

t.%° However, their

making enriched separation methods for these subpopulations critically importan
inherent heterogeneity, coupled with the coexistence of non-vesicular extracellular nanoparticles
(NVEPs) like lipoproteins!®, protein complexes, exomeres', and supermeres®®, poses substantial
challenges to their isolation and thorough characterization.>!! Commonly used isolation methods using
ultracentrifugation and ultrafiltration often result in contamination and variability in sample preparation.
While antibody-coupled magnetic beads provide a clean separation of exosomes!?!3, they lack the ability
to separate the vesicles based on size. This limitation frequently demands the use of additional, slower,
and sophisticated methods, such as differential or gradient ultracentrifugation'*. Moreover, antibody-
based affinity approaches tend to isolate only specific EV subpopulations based on the surface proteins,
leaving behind critical information about the diversity of the EV population. Thus, the field still faces
challenges in managing yield and sorting heterogeneous populations while ensuring EVs without
compromising their purity and structural integrity. To unlock the full diagnostic and therapeutic potential
of EVs,!® developing a unified isolation technique that addresses the challenges of high-purity, efficient
size-separation of EV subpopulations while retaining their heterogeneity, structure, and function is

critical.

Recent advancements in vesicle research have spotlighted the transformative capabilities of lipid rafts'¢
and lipid nanoprobes (LNs).!*!7-1? Instead of solely relying on surface-specific protein markers, LNs use
strong hydrophobic interactions with EV membranes to capture and isolate all EV populations with high
purity and without NVEPs. Consequently, LN-based isolations emerge as a promising approach for cost-
effective EV isolation for high purity and yield, offering a competitive edge over conventional strategies.
Recently, a DNA-based lipid affinity capture method has successfully isolated EVs in their near-native
form.!” However, this approach requires the use of expensive DNase enzymes for the sample preparation
and does not adequately address the issue of EV heterogeneity. Acknowledging the critical importance of
understanding EV heterogeneity for diagnostic and therapeutic applications, a straightforward, cost-
effective, and reliable method that can isolate native EVs and sort them by size-specific populations is

essential. To address these challenges, we present an innovative approach to isolating and size-enriched
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sorting sub-200 nm lipid bilayer-containing vesicles in their near-native form to meet large-scale clinical

application demands.

Here, we synthesized multiple LNs with various lipid, photosensitive cleavable linkers, and affinity tag
chemistries (Fig.1 and Table S1) to effectively isolate EVs from large cell culture volumes and separate
them into size-specific subpopulations without NVEPs. Our method simplifies the lengthy
ultracentrifugation protocols, eliminating the need for bulky or costly equipment, and is capable of
processing large volumes of biological media to isolate small EVs in under an hour at minimal cost. The
cleavable linkers are designed to detach from the vesicles upon light exposure, thereby reverting the EVs
to a state that closely mimics their native condition post-isolation. To demonstrate the efficacy of our
method, we isolated EVs, preserving their near-native state and devoid of NVEPs, from the culture media
of three distinct cell lines: primary macrophages (M), insulin-producing cells (INS), and neuroblastoma
cells (N2a). Furthermore, our findings reveal that the number of probes integrated into the vesicles
correlates with their size. This relationship allowed us to modulate D-biotin concentration and light-
mediated cleavage to selectively sort and enrich vesicle subpopulations based on size. We further
demonstrate the broad applicability of the method by sorting proteoliposomes in a size range that is
uniquely suitable for accurately recapitulating the cellular vesicles’ structure and behavior. In an
investigation using the Streptozotocin (STZ)-induced Alzheimer's model in N2a cells,!” we observed that
the Alzheimer-associated marker, synaptic protein synaptotagmin-1 (Sytl), did not show a consistent
correlation with tetraspanin containing exosomes. This finding emphasizes the importance of isolating
complete vesicle populations for the accurate diagnosis of disorders. Our approach represents a
breakthrough, offering a cost-effective solution that addresses the limitations of traditional methods. It
ensures high-purity, scalable yields of EVs and elucidates the complexities within the spectrum of

vesicular subpopulations.

2. Results

2.1. Development of a Photosensitive Lipid-Nanoprobe System for Native Vesicle Isolation

Our vesicle isolation method relies on two principal components: the lipid nanoprobe (LN) and the
associated capture unit. The LN design features a range of constructs, including those with a
photocleavable linker - DSPE-NIR-PEG 0.1K-DB (Fig. la - Top) and their non-photocleavable
counterparts - DSPE-PEG _n-DB (Fig. 1a - Bottom). All LN constructs used in the study can be found in
Table S1. The lipid nanoprobe is designed with four key components that synergize to optimize its
functionality: firstly, a lipid insert (DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine) that

facilitates robust interaction with lipid bilayers, ensuring effective vesicle capture; secondly, a
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photosensitive linker, enabling controlled release of the vesicles upon exposure to near-infrared (NIR)
light; thirdly, a polyethylene glycol (PEG)-based tether, providing spatial separation and prevent non-
specific absorption between the vesicles and the solid support; and finally, a biotin or desthiobiotin
moiety, aiding in the affinity-based capture and subsequent release of the vesicles through competitive

elution.

For the capture unit, we employed high-capacity monomeric avidin-functionalized agarose beads
(HCABs) (Fig. S1a). The HCABs, with an average diameter of approximately 25 um (Fig. S1b), are five
times larger than previously reported magnetic counterparts.'>!32° This increased size is critical in
minimizing interference between larger vesicles and multiple beads. Despite their larger size, the HCABs
are designed to be sufficiently compact, offering an improved surface-to-volume ratio when compared to
flat capture surfaces. This design consideration not only significantly enhances vesicle capture efficiency

but also contributes to the cost-effectiveness of the method.

Vesicle capture is initiated by incubating LNs with a vesicle-rich sample, allowing the LNs to integrate
into the vesicle membranes before being captured by HCABs (Fig. 1b - d). Alternatively, the LNs can be
first tagged with beads (like a fishing technique) before being introduced to the sample. The capture of
the LNs on the beads was verified by identifying the presence of DSPE using the characteristic of R-O-
P-O-R’ stretching?! (Fig. Slc), and using the beads to capture fluorescently labeled vesicles (Fig. S1d).
After vesicle capture and enrichment (Fig 1b & 1d), their isolation was accomplished in one of two ways
(Fig. 1b). The first employs a competitive elution process with D-biotin to displace LN-bound biotin
derivatives from beads (Fig. 1c), followed by light exposure to detach the PEG and biotin tag.
Alternatively, a photolytic method utilizes light-induced cleavage to separate the vesicles from the beads

directly.

Our method enabled precise control over vesicle isolation, providing an option between chemical or light-
based separation based on the application's needs. More importantly, by having the ability to cleave off
the functional unit, this technique bridges a significant gap by enabling the isolation of near-native
vesicles directly from complex biological environments, marking a significant advancement over existing

lipid-nanoprobe methods.!'*
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Figure 1. Photosensitive LN for Isolating High Purity Vesicle. a) (Top) Chemical structures of the photosensitive LN:
DSPE-NIR-PEG_0.1K-DB with the NIR-induced singlet oxygen 'O -based cleavage mechanism of (Z)-2,2'-(ethene-1,2-
diylbis(sulfanediyl)diethanamine (BSDA) cleavable linker. (Bottom) The non-photosensitive analogue: DSPE-PEG_n-DB. b)
Schematic depiction of a tri-phase protocol that includes lipid-affinity-based enrichment, purification, and isolation steps,
designed to ensure high purity and yield in vesicle isolation. ¢) De novo docking analysis of PEG-desthiobiotin (DB) affinity
tag (left; designed using Avogadro??) and competitive binding of D-biotin (right) in the B-barrel Avidin binding site (PDB ID:
2AVI). d) SEM image of avidin-functionalized high-capacity agarose beads (HCAB) with captured Insulin cell derived-sEV.
Scale Bar 1um. Inset Left: arrows indicate captured sEV. Scale Bar 200 nm. Inset Right: Negative stain TEM image of eluted
sEVs. Scale Bar 200 nm.
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2.2. Optimization and Characterization of LNs for Optimal Vesicle Isolation

2.2.1. Validation of LN Self-insertion Efficiency and Affinity Tag Efficacy

To assess the self-insertion efficiency of LNs into vesicles, we synthesized fluorescent alternatives of the
DSPE-based LN by replacing the desthiobiotin affinity tag with a fluorescein marker (DSPE-NIR-FITC
and DSPE-PEG_5K-FITC). Figure 2a shows the colocalization efficiency between the fluorescent LNs
and liposomes, which serves as an indicator of LN self-insertion efficiency. We incubated 5 mol% of
DSPE-PEG 5K-FITC probes with liposomes of two sizes (60 nm and 140 nm) labeled with ATTO 647N-
DOPE fluorescent lipid. Within the span of 1 hour, a considerable increase in co-localization efficiency
was observed, demonstrating the ability of our method to capture and isolate vesicles in a short time frame.
Notably, the 140 nm liposomes showed a significant 70% enhancement in colocalization. However, the
smaller 60 nm liposomes exhibited a lower colocalization efficiency, which could be due to lower surface

area. This observation underscores a size-selective aspect of the LN self-insertion process.

Next, we evaluated the optimal concentration of LNs necessary to achieve a better yield. We incubated
varying concentrations of LN probes (1%, 3%, and 5%) with the vesicle samples. As expected, there was
a proportional increase in the number of integrated probes corresponding to the increasing concentrations
of LNs (Fig. 2b). We observed the presence of unincorporated LNs along with the vesicles (Fig. S2a-b).
Transmission electron microscopy (TEM) further revealed the formation of micelles, with sizes
predominantly less than 10 nm (Fig. S2c¢). Such micelle formation has been previously documented in
studies using DSPE-PEG_2K based LNs.? Similarly, these micelles were only visible in LNs with a
larger PEG spacer (DSPE-PEG_5K-FITC) predominantly at lipid concentrations exceeding 3% of 3 mM
lipids (Fig. S2d), indicating a critical micelle concentration < 90 uM, a threshold occasionally reached in

large sample volumes.

Further, we assessed vesicle capture and release efficiency by comparing biotin to its lower-affinity
analog, desthiobiotin. While biotin derivatives have been used in LNs for vesicle sequestration'?, their
release efficiency has been less studied. Our initial Ab initio docking simulations indicated that adding a
PEG segment reduced its affinity within the B-barrel binding pocket (Fig. 1¢ & S3a-e). Despite this, both
biotin and desthiobiotin allowed for the efficient capture of LN-incorporated vesicles (Fig. S3f).
Advantageously, the reduced affinity of desthiobiotin facilitated the competitive displacement of these
vesicles with a D-biotin solubilized elution buffer. Confirming our computational predictions, we
experimentally validated that LN probes containing desthiobiotin tag enhanced competitive elution,

facilitating larger vesicle yield with gentle elution conditions (Fig. S3g).
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2.2.2. Optimization of Vesicle Capture and Release

Next, we investigated the efficacy of DSPE and cholesterol as potential lipid tags. Their efficiency was
evaluated in combination with high-capacity monomeric avidin and neutravidin functionalized agarose
beads. Notably, HCABs functionalized with monomeric avidin demonstrated superior vesicle trapping
efficiencies compared to their neutravidin counterparts (Fig.2c). Despite its documented lower biotin-
binding affinity?*, we believe that the compact structure of monomeric avidin offers enhanced
accessibility. Thus, this cost-effective variant is less susceptible to nonspecific interactions and
aggregation as well as higher protein occupancies.?> Remarkably, the combination of monomeric avidin
and DSPE yielded a trapping efficiency of nearly 75% for a liposome mixture containing both 60 nm and
140 nm sizes at a total lipid concentration of 3 mM, representing a substantial improvement of over 20%
compared to other tested combinations. This efficiency could be further increased to around 95% with the
utilization of increased quantities of HCABs (Fig. S4a). Although cholesterol-based probes are known to
integrate more effectively into cell membrane bilayers and EVs, 2627 their affinity for binding to HCABs
appeared to be less optimal. This observation is consistent with recent findings suggesting cholesterol-
based LNs with a biotin tag exhibit reduced avidin binding at higher concentrations.?® This is potentially
due to steric hindrance arising from the formation of cholesterol-rich lipid domains within the bilayer
upon integration. Furthermore, we found that these HCABs retained functionality across up to four cycles
of use, with only a 10-30% reduction in trapping efficiency across repeated usage (Fig. S4b). This

durability underscores the potential for a cost-effective approach in vesicle isolation applications.

During purification, we monitored the stability of captured vesicles and observed a minimal loss of
approximately 5% across six wash cycles, suggesting successful vesicle retention (Fig. S4c). For elution,
we compared both competitive elution and light-activated methodologies (Fig 2d). Both methods can be
used interchangeably to achieve high-purity vesicles. However, the light cleavage method removes the

PEG linker and desthiobiotin moiety from the linker, thereby yielding near-native vesicles.

For competitive elution, we used a buffer containing 2.5 mM of D-biotin. We observed that liposomes
integrated with cholesterol-based LNs exhibited marginally lower release efficiency than those with
DSPE-based LNs. Notably, the release efficiency was higher for smaller liposomes. A cumulative of 6
elutions was required to achieve >50% elution for smaller liposomes (Fig. S4d & S4e), with nearly 100%
release efficiency for 60 nm vesicles using 3% LNs (Fig. S4e). Interestingly, after a 1-hour incubation,
the incorporation of DSPE-based probes into the larger model vesicles (140 nm) was 2.5 times greater
than into the smaller model vesicles (60 nm) (Fig. S4f). This finding suggests that the quantity of probes

incorporated is directly proportional to the size of the vesicles. Consequently, smaller vesicles tend to
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release more readily due to a lower number of LNs bound to the HCAB resin. Additionally, our results
demonstrated that 1 PEG spacer length directly contributed to an enhancement in the release efficiency
for each elution (Fig. S4f). However, as discussed before, this would come at the cost of the co-isolation

of LN micelles in concentrated liposome samples (Fig. S2b).

For light-activated elution, we utilized a photosensitive cleavage mechanism facilitated by a !O»-cleavable
linker, (Z)-2,2'-(ethene-1,2-diylbis(sulfanediyl)diethanamine (BSDA)?°, which bridges between PEG
chains and DSPE (Fig la). Typically, photosensitive linkers are designed to undergo cleavage through a
reaction with reactive oxygen species (ROS), which are generated when ultraviolet (UV) or near-infrared
(NIR) light is applied in the presence of a photosensitizer.>*!. These linkers often disrupt vesicle carriers
and are used in pharmaceutical drug delivery applications®?3%33, Tt is also known that high-intensity near-
infrared (NIR) and UV light can induce in situ ROS?*33¢, By directly applying non-invasive light, we were
able to generate ROS sufficient to cleave the sulfur double bond to release the vesicle (Fig. 2d). To
quantify 'O,-cleavable linker cleavage per vesicle, we carried out single vesicle fluorescence analysis
with an LN fluorescent variant (DSPE-NIR-FITC) that was incorporated together with our non-
photosensitive variant (DSPE-PEG 5K-DB), which allowed us to capture the vesicles in a neutravidin
coated slide (Fig. S5a). We saw ~40% cleavage for a total of 10 min exposure to 850 nm (5 mW/cm?) of
NIR light (Fig. S5b). This led to the release of ~20% of the trapped vesicles in the 1% elution (Fig. 2d).
We then compared it with a reported UV-responsive isoform?’, using direct UV cleavage (Fig. S5¢). We
saw a progressively increasing temporal dependence compared to the NIR probe, but it resulted in a ~8%
decrease in total release efficiency for a total of 10 min exposure (Fig. S5d). Overall, the comparative
analysis of vesicle release efficiency demonstrates the superiority of the NIR probe over its UV-
responsive counterpart. In addition, the NIR light is also a less invasive approach, making it an optimal

choice for the isolation.
2.2.3. Vesicle Integrity and Protein Functionality

To ensure that our isolation technique preserves protein functionality, we conducted a lipid mixing assay,
a pivotal test for verifying the biological activity of proteins within isolated vesicles. In this assay,
liposomes were reconstituted with soluble N-ethylmaleimide sensitive factor attachment protein receptors
(SNARES), which play a central role in mediating membrane fusion—a fundamental process in various
cellular functions. SNAREs consist of two types: v-SNAREs located on vesicle membranes and t-
SNAREs on target membranes. They form four-helix bundles that bring these membranes together,
facilitating fusion. Our experiment involved reconstituting the neuronal/exocytotic v-SNARE vesicle-

associated membrane protein VAMP2 into liposomes (final lipid to protein ratio = 200:1). These
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liposomes also contained a fluorescence resonance energy transfer (FRET) pair of dye-labeled lipids,
NBD-DOPE and Rhodamine-DOPE. In this context, the NBD signal serves as a readout for lipid-mixing
kinetics. When fusion occurs, the spacing between the FRET dye pair increases, allowing us to track the
NBD signal's changes. Importantly, it's worth noting that we subjected only the control proteoliposomes
to the standard ultracentrifugation for excess protein removal after reconstitution. For the other samples,
liposomes were incubated with DSPE-NIR-PEG_0.1K-DB and isolated, where the excess proteins were
removed during the purification stage. Part of the isolated sample was then exposed to light to cleave the

functional PEG-DB component in the LN-cleaved sample (Fig. 2e).

To provide a comprehensive assessment, we compared the lipid mixing assay results with and without the
presence of soluble cytosolic domain v-SNAREs (CDV), which acted as a competitive inhibitor. We
aimed to evaluate if our isolation technique altered the surface protein interactions between t-SNAREs
and v-SNARESs. The bulk fusion rate of the first 30 minutes was evaluated by fitting a linear regression.
Firstly, when LNs were present on the liposome surface, the change in the rate of fusion with and without
CDV decreased by more than half (Fig. 2g). Secondly, by cleaving the LN, we not only approached the
control levels but also accentuated the effect of CDV on blocking protein interactions. This could also be
seen by the terminal NBD fluorescence difference, where the cleaved LN purified v-SNARE showed the
largest difference (Fig. 2f). These results not only strongly support the use of our isolation technique in
such cases but also emphasize the need for LN cleavage for the preservation of surface protein
functionality imperative to retain the biological activity of isolated vesicles. In a parallel investigation, we
assessed the performance of our UV-responsive isoform. Notably, we observed that prolonged UV
exposure (for more than 10 minutes) rendered vesicles non-functional, compromising the protein activity

(Fig. S5e).

Additionally, to ensure that our technique effectively retained vesicle contents without leakage, we
synthesized our 60 and 140 nm liposomes loaded with sulforhodamine B (SRB) dye as model cargo.
Using single-vesicle fluorescence analysis, we assessed colocalization efficiency and SRB integrated
intensity in colocalized vesicles before and after isolation (Fig. S6). This analysis helped demonstrate
content preservation showing that the SRB dye, serving as a representative marker for vesicle cargo,

remained intact in the colocalized vesicles throughout the isolation process.
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Figure 2. Optimization of HCAB and LN for Liposome Isolation. a) Temporal dependence of LN integration assed using
the colocalization efficiency of FITC and MEMGlow647™ for 60 nm and 140 nm vesicles with 5% DSPE-PEG 5K-FITC.
Mean (n>6). b) The use of 5%, 3%, and 1% of LNs (mol/mol in 3 mM lipid concentration) self-insertion in 60 nm and 140 nm
vesicles. Colocalization indicates insertion of the LN into the vesicle. Mean + S.E.M (n>6). ¢) Trapping efficiency analyses
on neutravidin and monomeric avidin beads 200 pL slurry) with 60 + 140 nm liposome mixture containing DSPE and
cholesterol LNs. Mean + S.E.M (n=4). Yellow highlight indicates the combination with the highest trapping efficiency. Two-
way ANOVA multiple comparisons using Tukey’s method *p < 0.05, ****p < 0.0001. d) Release efficiencies of 60 + 140 nm
liposomes mixture isolated with 5% of the non-photosensitive probe - DSPE-PEG 5K-DB eluted over 4 elution steps (E1-4)
and the photosensitive probe - DSPE-NIR-PEG_0.1K-DB ecluted with a total 10-minute exposure of 850 nm NIR-light at 5
W/cm?. Mean + S.E.M (n=4). €) Schematic representation of the NBD dequenching lipid mixing assay designed to elucidate
bulk membrane fusion dynamics. v-SNARE liposomes containing NBD fluorophores (green) quenched by their proximity to
Rhodamine fluorophores (pink), are reconstituted with v-SNARE (VAMP2) proteins. t-SNARE liposomes are reconstituted t-
SNARE proteins but are devoid of any fluorescent dyes. The superfluous proteins in control v-SNARE and t-SNARE
proteoliposomes were eliminated using the traditional ultracentrifugation, whereas for the LN (DSPE-NIR-PEG 0.1K-DB)
purified v-SNARE proteoliposomes during the purification phase (refer to Fig. 1b) and was eluted with 2.5 mM D-biotin. LN
was cleaved off one sample of LN purified v-SNARE proteoliposomes using (850 nm at 5 W/cm?) while the other sample
contained uncleaved LNs. To block protein-to-protein interactions, negative control experiments incorporated the solubilized
cytosolic domain of VAMP2 (CDV). Upon the act of membrane fusion, the spatial confinement of NBD fluorophores and
Rhodamine diminishes, leading to the dequenching of NBD, resulting in a fluorescence resurgence. f) NBD dequenching lipid
mixing assay showing normalized NBD fluorescence intensity for the control, cleaved and uncleaved LN of v-SNARE
proteoliposomes with (w/) and without (w/o) CDV. The terminal NDB fluorescence (averaged over the final 10 minutes)
difference between samples w/ and w/o CDV are listed on the left. g) Bulk fusion rate for the first 30 minutes (linear region)
estimated with a linear regression (R>> 0.95). Secondary axis shows the change in bulk fusion rate between sample with and
without CDV. Mean = S.E.M (n=2).
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2.3. Small Extracellular Vesicle (sEV) Isolation

We then tested our LN's ability to isolate high-purity EVs from the cell culture medium. We introduced
an additional 0.22 pm filtration step to remove cellular debris and dead cells, thereby avoiding the need
for ultracentrifugation and simplifying the entire isolation procedure. We tested our methods on two
different cell lines, primary macrophage (M¢) cell line and insulin-secreting beta cells. This approach
served a dual purpose: to validate the adaptability of our method across different cellular models and to
examine its effectiveness given the distinct SEV secretion patterns of M@ and INS beta cells. The
successful isolation of high purity sEVs from both cell types was confirmed using negative stain TEM

imaging (Fig 3a & 3b).

For comparative analysis, we isolated INS-sEV samples from a 50 mL culture medium at ~50%
confluence of INS cells (Fig. S7a) using a well-established ultracentrifugation protocol*® and a commonly
available polymer precipitation-based commercial kit (Total exosome isolation kit, Thermo Scientific).
Our method showed superior sample purity, as indicated by the negative stain TEM images, which are
used frequently in the field to indicate the purity and yield of isolated vesicles***! (Fig. S7b-d). In contrast,
the polymer precipitation method exhibited higher levels of contamination due to its non-specific
precipitation of a broad spectrum of particles, necessitating further purification by size exclusion
chromatography. However, the precipitation method yielded a 9-fold increase in particle concentration
between 60-140 nm. It's important to note that polymer precipitation-based isolation strategies are not
membrane-specific, resulting in the co-isolation of non-vesicular entities, NVEP including larger
lipoproteins, exomeres and supermeres. which contribute to the overall particle count!®*?. In addition to
TEM, we tested the purity of isolated SVs using the western blot method using a supermere marker
ENOI1.2 We found that ENOI is present in EVs isolated using the total exosome isolation kit but not in
the EVs isolated using our LN (Fig. S7e), indicating the robustness of our method in achieving high-purity
sEVs. When compared to ultracentrifugation, our samples not only exhibited higher purity but also
demonstrated a 4-fold enrichment (Fig. S7f). These findings underscore the versatility and effectiveness
of our nanoprobe-enhanced protocol. To further evaluate the cellular uptake and functionality of purified
sEVs, we tagged them with DSPE-PEG 5K-FITC as an EV tracker and exposed them to INS cells. Our
results indicate clear evidence of SEVs internalization similar to commercial kits (Fig S8), thus reinforcing

the practical utility of our approach in sEV research and applications.

We used dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA) to determine the size
distribution of sEVs isolated from both cell lines (Fig.3a-3d). The consistent vesicle size across

experimental replicates highlighted the reproducibility of our method. Importantly, more than 90% of
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these vesicles were within the 50-200 nm range, meeting the criteria for sEVs. Starting with a 50 mL
volume, we obtained approximately ~107 particles per milliliter for both samples, with a predominant
diameter around 100 nm. It is noteworthy that the yield from M-sEVs was three times less than that from
INS-sEVs, possibly due to phagocytic activity inherent to macrophages, potentially leading to EV
reuptake explaining the difference in yield. Further analysis was conducted using exosomal markers CD9
and CD81, with dSTORM single molecule localization microscopy (SMLM) (Fig. 3e & 3f). Another
advantage of our LNs is their facilitation of sEV fixation, enabling biotinylated sEVs to directly adhere
to avidin-functionalized slides (Fig. S5a). This feature is particularly beneficial during SMLM sample

preparation, streamlining the imaging analysis process.

This analysis confirmed the trend of a reduced exosomal count in M@-sEV samples, aligning with the
previously observed differences in yield between the two cell types. To assess vesicle size, we leveraged
the capability of our method to identify localization lengths specifically for CD9 and CD81 carrying
exosomes (Fig. 3g-31). Intriguingly, these exosomal localization lengths exhibited a smaller peak diameter
compared to the DLS and NTA results. However, it's noteworthy that recent studies have highlighted that
DLS and NTA techniques can sometimes provide slightly larger diameter values, exhibit broader size

distributions, and encompass the entire EV size population.*

Using this approach, we were able to relatively assess the size distribution contribution of single positive
(CD9*CD81- and CD9-CD817) and double-positive (CD9*CD81") exosomes within the exosome cohort.
Detailed size distribution analysis revealed that smaller vesicles were predominantly CD81" in
macrophage samples (Fig S9a), a distinction not evident in INS-sEVs (Fig S9b). Furthermore, INS-sEVs
were additionally labeled using the membrane-associated dye MEMGlow560™, revealing a distinct SEV
subpopulation within the expected size range that lacked both tetraspanins (Fig S9b). This observation
suggests potential limitations in solely relying on affinity-based isolation strategies. Interestingly, these
double-negative (CD9"CD81°) sEVs exhibited a peak >150 nm, beyond the size cutoff for exosomes size
range**. Circularity studies conducted on the isolated population showed a mean circularity > 0.7 for all
isolated sEVs, indicating a retention of morphology *° (Fig. S9¢ & S9d). As a validation of our isolation
technique's ability to capture exosomes within the lower size range, we conducted negative staining with
anti-CD81 4 nm colloidal Au-Tag. This analysis revealed a representative exosome measuring
approximately 30 nm (Fig. S9e), showcasing our capability to isolate smaller exosomes while ensuring
their separation from lipoproteins and other non-vesicular extracellular particles more abundant in that

size range.
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Figure 3. sEV Isolation and Characterization from Multiple Cell Types. a, b) TEM Images of INS-sEV derived from INS
cell culture media and Me-sEV sourced from primary BMDM cell culture milieu. Scale Bars 100 nm. Left and right Insets:
spotlight smaller and larger sEV profiles. Scale Bars 20 nm and 50 nm, respectively. ¢, d) NTA-derived size distribution and
particle concentration charts, cross-validated with standalone DLS assessments for INS-sEV and Me-sEV. The red
demarcation underscores the typical sEV size range. Mean = S.E.M (n=3). e, f) dASTORM visualization spotlighting tetraspanin
surface markers, namely CD9 and CD81, on the isolated INS-sEV and Me-sEV. Scale Bar, 5 um. The dSTORM evaluation
was grounded on the identification of SEVs presenting in excess of 15 localizations of either or both tetraspanin antibodies.
Insets: magnify regions representing 16 localizations for CD9 and 21 for CD81. Scale Bar 1 um. g) Representative images
elucidate the diverse tetraspanin expression profiles—single-positive (CD9*CD81" and CD9°'CD81"%) and double-positive
(CD9CD81%) configurations. Each line delineates the localization expanse of the highlighted sEVs. Scale Bar 100 nm. h, i)
Localization length profiles of the identified sEVs with tetraspanin markers, drawn for INS-sEV and Me-sEV. Insets: Pie
charts showing the abundance of CD9" (yellow), CD81" (pink), and the double-positive CD9"CD81" (orange) against the
entirety of detected SEVs. INS-sEV (n=2174, sEV analyzed), Me-sEV (n=1709, sEV analyzed).

2.4. Size-selective Vesicle Enrichment

To address the challenges in size-based separations of vesicles, we conducted experiments using our
standard liposomes with hydrodynamic diameters of 60 nm and 140 nm (Fig. 4a). We established a
standard curve representing the integration of 5 mol% of LN constructs with different PEG lengths (as
listed in Table S1). Intriguingly, despite the increment in PEG length, we observed that the hydrodynamic
diameter exhibited a saturation effect. Specifically, for the smaller 60 nm liposomes, the diameter
increased by approximately +10 nm, while the larger 140 nm liposomes exhibited an increase of roughly
+ 20 nm (Fig. S10a). To further corroborate our findings and confirm the cleavage of the PEG-DB tether,
we utilized the photosensitive DSPE-NIR-PEG_0.1K-DB probe. Following light cleavage, we observed
the PEG components were removed from the liposomes, effectively restoring them to their original size

(Fig.4a).
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Next, we evaluated the possibility of size-selective release efficiency of 60 and 140 nm liposome mixture
across a gradient of D-biotin concentrations, spanning from 0.1 mM to 100 mM (Fig. 4b). As expected,
we observed a concentration-dependent release trend due to the variation of the number of probes inserted
depending on the vesicle size (Fig. 4c). At lower D-biotin concentrations, fewer vesicles were released,
whereas this release efficiency increased progressively with rising D-biotin concentrations (Fig. 4b-inset).
However, the amount of smaller 60 nm liposomes released was larger, and at the highest concentration
tested (100 mM), we noted an almost 2-fold enrichment compared to 140 nm liposomes (Fig. 4c). Smaller
vesicles have a significantly lower number of LNs attached to them, a 6-fold fewer, as illustrated in
Supplementary Note 1- Table S5. This difference in probe density among vesicles of varying sizes plays

a pivotal role in determining their release efficiency.

Despite the broader peaks associated with NTA, as reported in previous studies*, we consistently
observed that smaller EVs were preferentially released at higher D-biotin concentrations. This trend was
evident in both INS-sEV and M@-sEV samples (Fig. 4d), with the mean diameter decreasing as the D-
biotin concentration increased (Fig. 4¢). However, at lower D-biotin concentrations, the amount of SEVs
release decreased. For Mp-sEVs, even though we could determine the size at the mode, most sizes were
below the instrument’s threshold of 1x107 particles/mL. Our findings highlight the potential of gentle D-
biotin elution LNs for selective isolation and enrichment of specific-sized EV populations. This novel
concentration-dependent vesicle release mechanism provides a versatile platform for researchers and
broad applications in the vesicle research. Adjusting lipid concentrations presents a viable strategy to
counter potential vesicle losses during elution, facilitating effective exploration and manipulation of

vesicle populations.

To demonstrate the versatility of our approach, we conducted experiments to differentiate and sort model
proteoliposomes resembling synaptic vesicles (SVs) and large dense core vesicles (LDCVs) without
relying on ultracentrifugation. This was achieved through a sequential elution process, starting with 2.5
mM D-biotin elution to release the smaller vesicles, followed by NIR elution to release the remaining

larger vesicles.

We then employed our lipid mixing assay to investigate lipid mixing kinetics as a function of vesicle size
(Fig. 4f). Smaller liposomes exhibited faster fusion, with the most to least fusogenic proteoliposomes
showing a decreasing terminal final NBD fluorescence. This observation aligns with a previous study that
sorted liposomes using a DNA-brick assisted ultracentrifugation approach*®. While our study focused on
the minimal fusion machinery (SNARESs) to demonstrate the concept, this platform can, in principle, be

adapted to model more complex physiological conditions. For instance, it can be extended to study the
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interplay between membrane curvature and molecular factors governing vesicular fusion, such as Sytl or

Munc-18, underpinning vesicle dynamics in neurons and other cellular processes.
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Figure 4. Size-selective Enrichment of Vesicles Dependent on D-Biotin Concentration. a) Sequential mean diameters of
model liposomes with initial sizes of 60 nm and 140 nm after incubation with LN (DSPE-NIR-PEG_0.1K-DB) and subsequent
cleavage by NIR light exposure. The mean diameter for each step was determined by fitting a Gaussian on DLS spectra (Fig.
S10). The mean diameter was calculated by fitting a Gaussian function on the average of all DLS spectra. Mean + S.D (n=5).
b) Analysis of fold change in the release ratio of small vesicles (60 nm) to larger vesicles (140 nm) equipped with a
photosensitive probe (DSPE-NIR-PEG_0.1K-DB) across a D-biotin concentration gradient ranging from 0.001 mM to 100
mM. Equal quantity releases are highlighted by the dotted line. Inset: Release efficiencies from the first elution (E1) that
underpin these calculations, with efficiency metrics extracted from baseline extruded samples that were prepared from a lipid
concentration of 3 mM. Mean + S.D (n = 3 for each concentration tier). b) DLS spectra visualizing size differentiation of
liposomes contingent on D-biotin concentrations. Scale bar 25% intensity in vertical axis for each spectra. Mean = S.D (n=4).
¢, d) NTA analysis of INS-sEV and M@-sEV size-enrichment across select D-biotin concentrations: 0.001mM, 0.1 mM, 10mM,
and 100 mM. Mean + S.D (n=3 per concentration). Graphical representations delineate yield in relation to the mean vesicle
size, plotted in descending order of increasing D-biotin concentration. €) Summary plot underscores a negative correlation
between D-biotin concentration and the diameter of the eluted vesicles, encompassing liposomes, INS-sEV, and Mo-sEV.
Each data point represents the global mean diameter calculated over 3 replicas of each concentration with a Lorentzian
(Cauchy) fit that best correlates to the peak center. The error bars are the S.D. of the fits. All R? > 0.9, with the sole exception
of 0.001mM Me-sEV. f) Terminal NBD fluorescence (last 10 minutes) of lipid mixing assay wit v-SNARE proteoliposomes,
juxtaposing model synaptic vesicles proteoliposomes (SV) initially (1) eluted with 2.5 mM D-biotin and model Large Dense
Core Vesicles (LDCV) proteoliposomes eluted with (2) NIR light using the same HCABs; model liposomes at 1:200
VAMP2/lipid composition. Mean + S.D (n=2). All relevant DLS spectra can be found in figure S10.
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2.5 Alzheimer's disease (AD) specific markers enriched in EV Subpopulations

To further validate our size-selective isolation approach, we applied it to EVs derived from the
neuroblastoma N2a cell line, employing a 0.4 pm filter to allow for a larger size diversity of EVs.
Following EV capture and purification, a D-biotin concentration of 2.5 mM preferentially released SEVs
with mean hydrodynamic diameters of 100-150 nm (Fig 5a). A secondary NIR exposure was conducted
to recover the larger EVs retained on the HCABs. As expected, the photocleavage process eluted vesicles

of larger sizes, with hydrodynamic diameters between 220-350nm.

Western blot analysis confirmed the presence of canonical exosomal tetraspanin markers—CD63, CD9,
and CD81—in both eluted samples (Fig. 5b). However, a thorough examination of the sSRNA cargo
revealed notable disparities in their relative abundances (Fig 5c). Specifically, the sEVs obtained via
biotin elution showed a twofold increase in mature micro-RNA (miRNA) levels. In contrast, the larger
EVs obtained from the NIR elution exhibited a fivefold increase in ribosomal RNA (rRNA). This
difference suggests the intriguing possibility of distinct cellular origination and cargo enrichment,
depending on the vesicle size. It is well-documented that rRNA is a major constituent of microvesicle,
presumably due to their closer association with cellular compartments where ribosomal machinery is

abundant.*’48

Conversely, mature miRNAs, which are frequently associated with post-transcriptional
regulation, are a common presence in SEVs, suggesting their involvement in intercellular communication.
In our EV samples, two of the most abundant miRNAs were noteworthy (Fig. S11a). MiRNA 335:5p has
been linked to cancer and is known as a cancer-secreted exosomal miRNA*-%, Meanwhile, miRNA 16:5p

has shown promise as a potential diagnostic marker for Alzheimer's disease!.

Furthermore, we tested the presence of synaptotagmin (Sytl), a synaptic protein proposed as an AD
biomarker in isolated EVs.>? The literature presents conflicting reports—some studies postulate elevated
Sytl levels>?, especially in cerebrospinal fluid samples, while others argue the opposite’***. A recent
research study has successfully isolated exosomes from CSF, suggesting a consortium of synaptic
proteins, including SYTI1, as potential biomarkers®. However, many studies label their vesicles as
"exosomes" without comprehensively analyzing the canonical tetraspanin markers, potentially misleading
the term. To illustrate this point, we utilized AD model N2a cells induced by the neurotoxicity of
streptozotocin (STZ).>->° We exposed 100 uM STZ to N2a cells for a duration of 48 hours and isolated
smaller and larger EVs. Imaging revealed the widespread presence of tetraspanin, CD9 and CD63, in
conjunction with Sytl (Fig 5d). While the western blot indicated the presence of all proteins, we observed

minimal colocalization of 1-2% in the fluorescence images indicating two distinct EV pools. One
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abundant with SYT1 and the other predominantly marked by the exosome-associated canonical markers,
CD9 and CD63 (Fig. 5e). After STZ administration, there was a noticeable increase in SYT1-associated
EVs. Furthermore, integrated intensity evaluations revealed an SYT1 overexpression in both EV
categories (Fig. 5f). Such overexpression was not observed in EVs containing CD9 and CD63 (Fig. S11b).
These SYT1-rich EVs appeared to lack the exosomal markers under investigation, raising questions about
the broad usage of the term 'exosome.' Highlighting the necessity for size-based sEV separation, our
findings revealing subtle but significant differences in cargo and surface proteins that could be pivotal in

disease diagnostics.
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Figure 5. Photosensitive Nanoprobe to Enrich EV Subpopulation. a) Hydrodynamic diameter of EVs sorted via the
sequential dual elution strategy. Initially with a 2.5mM D-biotin elution followed by the 10 min explore to NIR- light while in
suspension in the buffer. Mean DLS measurements are represented by the horizontal line. (n=5). Unpaired t-test **** p <
0.0001. b) Westernblot analysis for exosomal markers (CD63, CD9, CD81) and synaptic protein Sytl in D-biotin and NIR-
eluted samples. ¢) RNA-seq-derived pie chart illustrating small-RNA read percentages: miRNA, micro-RNA; tRNA; transfer
RNA; snoRNA, small nucleolar; rRNA, ribosomal RNA; ncRNA, non-coding RNA; mRNA, messenger RNA. d)
Representative two-color TIRF images (inverse color map) of EVs of Sytl and dual labelled CD63 and CD9. Green and red
circles portray the EV area derived custom Mathematica code based on optimized thresholding of puncta (Fig. S11c). Merged
profiles (Overlap) demonstrate overlapping puncta for Sytl and CD63/CD9. Scale Bar 500 nm. e¢) Venn diagram depicting
identified vesicles in each channel, including colocalized vesicles, for Control (C) and Alzheimer's model (AD) (induced by
100 mM Streptozotocin) samples. Circle sizes indicate EV counts; 1400 vesicles analyzed (n=2). f) Truncated violin plot of
integrated intensity for Sytl-associated EVs. A647 corresponds to Alexa Fluor® 647 secondary antibody which was used to
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identify the integrated fluorescent of a single fluorescent unit. The center solid line indicates the median, dotted line indicates
the 25" and 75" percentiles. The median of each population and the median difference between control Vs. Drug for sEVs (D-
biotin elution) and larger EVs (NIR elution) are listed. Total of 1400 EVs were analyzed. Two-way ANOVA multiple
comparisons using Tukey’s method *p < 0.05, ***p < 0.001.

3. Conclusions

In conclusion, our photosensitive LN-based isolation method successfully demonstrated a series of
significant achievements in the field of synthetic and extracellular vesicle research. Our method provides
a rapid, scalable, and universally applicable approach for isolating and enriching size-specific vesicle
subpopulations from biological media in under 1 hour. Our innovative 3-step (Enrichment, Purification,
and Isolation) technique yields higher purity vesicles than ultracentrifugation.®® Compared to traditional
ultracentrifugation techniques, our method achieved higher recovery rates, enhancing the efficiency of
EV isolation. We demonstrated the ability of our technique to isolate EVs from a variety of biological
sources, including primary macrophages, N2a neuroblastoma, and insulin-secreting beta-cell lines,
highlighting its wide-ranging utility. Furthermore, we introduced a streamlined process for the direct
detection of proteins in enriched EVs, utilizing immunofluorescence techniques within 30 minutes,
showcasing the platform's capability for rapid analysis. Lastly, we achieved the separation and enrichment
of vesicle populations based on specific sizes, demonstrating the method's precision in targeting and
isolating distinct EV subsets. Our technique addresses EV heterogeneity by enabling precise isolation of
EV subpopulations based on size. This allows for detailed analysis of their distinct molecular
compositions and functions, enhancing understanding of their biological origins and roles in disease
mechanisms, diagnostics, and potential therapeutic applications. This suite of advancements underscores
the potential of our approach to significantly impact EV research, offering a more efficient, accurate, and
rapid means of isolating and analyzing extracellular vesicles for a variety of applications. As the field
progresses, there is a clear demand for refined and accessible isolation techniques. Our work lays the
groundwork in this direction, offering both a novel approach to EV studies using photosensitive probes

and paving the way for the development of user-friendly vesicle isolation kits.
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4. Materials & Methods

Non-photosensitive chemistry probes were obtained from NANOCs. Photosensitive LNs were
synthesized and purified in-house, see Supplementary Note 2 for synthesis and characterization details.
All lipids were purchased from Avanti Polar Lipids (Table S2). All LN, lipids, and buffer compositions
are listed in Table S1-3.

4.1. Liposome and proteoliposomes preparation

4.1.1. Solvent evaporation and lipid rehydration

To prepare liposomes containing 3 mM of total lipids of a specific composition (Table S3), appropriate
volumes of lipid stocks (dissolved in chloroform) were mixed in a borosilicate glass disposable culture
tube. The mixture was blown dry under N> gas for at least 30 min. The resulting lipid film at the bottom
of the tube was further dried for 1h in a desiccator under vacuum. Unless noted otherwise, 1 mL of Buffer
A (Table S3) was added to the tube and agitated for 30 min. To test for the leakage, 10 mM sulforhodamine
B (SRB) (dissolved in Buffer A) was used. The glass tubes were always wrapped with aluminum foil to

reduce the photobleaching of the fluorescent labels.
4.1.2. Proteoliposomes Reconstitution

v-SNARE (VAMP2) and t-SNARE used in this study were purified as described in the Supporting
Information section 1.4. They were reconstituted into liposomes using rapid detergent (1% w/v Octyl-
beta-Glucoside) dilution and dialysis method as described previously®*-%>. In short, lipids (lipid
composition in Table S3) were dried to a thin film in a glass test tube using nitrogen gas and then stored
under a vacuum for 1h to remove any residual chloroform. Lipids were resuspended in protein (the final
protein/lipid ratio for proteoliposomes is shown in Table S3.) and buffer A up to a final volume of 100
pL and then passed through a detergent removal spin column (Pierce) following the manufacturer’s
protocol. Volume was increased to 150 uL and dialyzed against 25 mM HEPES, 120 mM KCl, and | mM
DTT overnight to remove any residual detergent. The next day, 150 uL of 80% OptiPrep™ (Iodixanol in
the same buffer) was mixed with the sample and then loaded into a 0.8-mL tube (Beckman Coulter),
overlaid with 250 pL of 30% OptiPrep™, followed by 50 uL of HEPES buffer. Tubes were centrifuged
in an SW55 rotor at 48,000 rpm for 4 h. Proteoliposomes were collected from the gradient near the
buffer/30% OptiPrep™ interface. The reconstitution efficiency for both SNAREs has been previously
validated to be nearly identical (50%—60%).



WILEY-VCH
4.2. Lipid mixing assay

FRET-based lipid mixing experiments were conducted on a plate reader (Molecular Devices). 5 pL of v-
SNARE liposomes labeled with a pair of FRET dyes (donor: NBD-DOPE, acceptor: Rhodamine-DOPE)
and 45 pL of unlabeled t-SNARE liposomes (Table S3), with a total lipid concentration of 3 mM were
separately heated to 37 °C and transferred to a Pierce™ 96-Well Polystyrene Plates. NBD fluorescence
was monitored at emission/excitation of ~535/460 nm every 1 min for 1 hr and 40 mins. The fluorescence
signal was normalized using the Norm. NBD fluorescence [% of Imax] = 100%X(Ii-Imin)/(Imax-Imin), where
Imin was the lowest observed NBD fluorescence intensity, and Imax was the maximum NBD fluorescence

intensity observed after the addition of detergent (2.5% [w/v] n-dodecylmaltoside [DM]).

4.3. Tissue culture

4.3.1. Bone marrow-derived macrophage extraction & primary culture

Primary bone marrow-derived macrophage (BMDM) cells were obtained through the bone marrow of the
hind limbs in C57BL/6J mouse (JAX™) wild type (WT) mice. WT mice were first euthanized through
CO: overdose for 15 min; mice are sequentially euthanized with bone extraction immediately following
the euthanasia procedure of one mouse before the euthanasia of the next. Incisions near the groin and
ankle area were made to remove the skin and tissue surrounding the thighs and the hind limbs were
dislocated from the ball-and-socket hip joint. Muscle was removed carefully upon the separation of the
femur, tibia and fibula, and hind foot. The femur and tibia and fibula bones were immediately placed in
ice cold Gibco Iscove’s Modified Dulbecco’s Medium (IMDM) (ThermoFisher) media to keep moist.
Under the tissue culture hood, bones were dipped in 70% EtOH 5X then H>O 5X to sterilize and wash off
excess non-bone contaminants. In a petri dish, small segments of the two ends of the femur and tibia and
fibula were sectioned off with a razor blade to reveal bone marrow that was flushed out with cold IMDM
through a needle and syringe. Aggregated bone marrow was separated and further passed through 40 pm
mesh syringe filters into a 15 mL tube. Upon obtaining a pellet through one centrifuge spin down (300 g
x 5 min), | mL of Ack Lysing buffer (Lonza) was added for 30 seconds to lyse red blood cells. 10 mL
IMDM was used to neutralize the buffer and the sample was centrifuged to obtain the final pellet
containing bone marrow-derived cells. 5 million cells were plated in one 10 cm non-TC treated dish with
10 mL IMDM, 10% ultracentrifuged exosome-free FBS, 1% Penicillin-Streptomycin, and 20 ng/mL
recombinant macrophage colony-stimulating factor (M-CSF). Media with 10 ng/mL M-CSF was changed
every 2-3 days with the macrophages fully differentiated and ready for experimentation on day 7. Culture

media was extracted at ~50% confluence.
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4.3.2. INS-1 rat insulinoma cell culture

The clonal beta-cell line 832/3, derived from the parental INS-1 rat insulinoma cells, was purchased from
Millipore Sigma and cultured in complete Roswell Park Memorial Institute (RPMI) medium (Sigma
Aldrich) supplemented with 10% ultracentrifuged exosome-free FBS (Sigma Aldrich), 10 mM HEPES
(Sigma Aldrich), 2 mM L-Glutamine (Sigma Aldrich), 1 mM sodium pyruvate (Sigma Aldrich) and 0.05
mM beta-mercaptoethanol (Sigma Aldrich) in 5% CO;at 37 °C. Media was changed every 2-3 days and
allowed the cells to grow up to ~50% confluency to collect the media for EV isolation (Fig. S7a).

4.3.3. Neuroblastoma N2a cell culture

Neuro-2a (N2a) CCL-131™ cell line was purchased from ATCC and cultured with Dulbecco's Modified
Eagle's Medium (DMEM) (Sigma Aldrich) supplemented with 10% exosome-free FBS, 2 mM glutamine,
and 100 ug mL™! penicillin/streptomycin (Gibco) in 5% CO; at 37 °C. Media was changed every 2-3 days,
and the cells were grown up to ~80% confluency before media collection. For the AD model, the cells

were treated with 100 uM STZ for 48 h. Culture media was extracted at ~80% confluence for EV isolation.
4.4. Liposomes, proteoliposomes, and EV isolation

If not mentioned otherwise, in most experiments, 200 pL of avidin (monomeric/neutravidin) - HCAB
slurry (Thermo Scientific) was pipetted into 0.8 mL centrifuge columns with 30 um polyethylene filters
(Thermo Scientific) (Fig. S5d). For larger volumes, 5 mL and 10 mL centrifuge columns were used
(Thermo Scientific). Given that 4% beaded agarose is provided in a 50% slurry, 100 pL of settled resin
equates to 200 pL of slurry. Buffer exchange was performed on the HCAB with Buffer A for liposome
and proteoliposome isolation or PBS for EV isolation, through a series of 5 - 200 uL. washes based on
slurry volume. In parallel, 5% of LN (150 uM for 3 mM lipid concentration) was incubated for 1h with
liposomes and proteoliposomes if not mentioned otherwise. In some cases, 1% and 3% mol/mol were
tested for the micelle characterization study. For EV isolation, 100 pg of LN was added into 50 mL of
culture media and incubated for l1h. The buffer exchanged HCAB was then incubated with an LN
incorporated vesicle sample and shaken for 30 minutes. In cases of EV isolation with large 50 mL sample
volumes, the HCABs were left overnight to maximize vesicle capture and enrichment. Following
incubation, the sample was centrifuged (150 g x 20 sec) to collect the post-capture sample, which would
be used to determine the liposome trapping efficiency of the HCABs. The HCAB were prevented from
drying and washed 5-10 times using the 200 pL (based on slurry volume) of relevant buffer during the
purification stage based on the sample. EV samples were washed with up to 2 mL of PBS. For the elution

step, to concentrate the sample, 100 uL (1/2 slurry volume) of 2.5 mM D-biotin in the buffer was pipetted
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into HCAB and agitated for a 2-minute incubation period. For sequential D-biotin elution, the process
was repeated. For the D-biotin concentration experiments, elution buffer - buffer A or PBS with the
desired D-biotin concentration was used. For light-based elution, the purified HCAB was incubated with
100 pL (1/2 slurry volume) of buffer A or PBS without D-biotin, and the column was exposed to either
840 or 365 nm lamp at SmW/cm? for NIR and UV, respectively. The sample was exposed to light for 10
mins, unless mentioned otherwise. The solution was centrifuged (200 g x 20 sec) to elute isolated vesicles.
For reuse, the HCAB were washed with regeneration buffer containing 0.1M glycine at pH 2.8 (Thermo
Scientific) and centrifuged (200 g x 15 sec) a total of 5 times, then exchanged with buffer 5 times. Note
that all centrifugation steps were performed using a benchtop unit. This process has been summarized in

Figure 1b.
4.5. Liposome trapping and release quantification assays

The trapping and release were evaluated using bulk fluorescence measurements obtained using a plate
reader (Molecular Devices). The liposome solution was diluted from 3mM to 50 uM (60X) to allow for
clearer downstream fluorescence analysis. To retain quantitative relevance, all flow-throughs, including
the intermediate washes and eluted samples, were diluted 60X. The trapping efficiency [% of Max] =
100% *((Linitia-Ipost-capture=Ibutfer)/(Tinitial-Ibutfer) ), Where the Linitia is the initial fluorescence intensity of the
liposomes. Inufter is the intensity of the buffer and [yost-capture 1S the intensity of the sample collected post-
capture. For the release efficiency [% of Trapped] = 100% *((Ietute-Ibutter)/(Tinitial-Ipost-capture=Ibuffer)) and
release efficiency [% of Max] = 100%X((Letute-Toufter)/(Linitial-Ivufrer) ), Where Leie is the intensity of the eluted
sample. The fluorescence intensity readings were taken over 5 minutes at 20 second intervals and averaged

to account for photobleaching effects.

4.6. Liposomes, proteoliposome and EV size characterization

4.6.1. Dynamic light scattering (DLS)

DLS was performed using Wyatt DynaPro Nanostar model WDPN-06. 25 uL of each elution was pipetted
into a disposable cuvette. Peak radius cutoffs were at 0.5 nm and 10,000 nm. 10 acquisitions were
collected at 25°C for each sample with one acquisition captured every 10 seconds. Batch DLS with
regularization processing was utilized to average repeat experiments to calculate the average
hydrodynamic diameter within each sample. This allowed us to visualize the sizes of single vesicles and
determine the presence of any aggregated vesicles as outliers. Samples were not diluted in this study. The

raw data was obtained and fitted with GraphPad Prism.
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4.6.2. Nanoparticle Tracking Analysis (NTA)

NTA was performed on a ZetaView® x30, Next Generation Nanoparticle Tracking Analyzer (Particle
Metrix GmbH), equipped with a 405 nm laser and a CMOS camera. Data analysis was performed on the
ZetaView software (version 8.04.04), applying a bin class width of 5 nm, a minimum brightness of 25, a
minimum area of 5, a maximum area of 1000, and a trace length of 15. First, the device was first calibrated
with polystyrene beads (Sigma-Aldrich) diluted by 1:500,000 (v/v) at a concentration of ~100 particles
per frame. For the measurements, the shutter was set to 150, the sensitivity to 85, and the frame rate to
30. EV samples were diluted 1:10 (v/v) in PBS for the measurements. The raw data was plotted and fitted
with GraphPad Prism.

4.6.3. DLS and NTA size data analysis

For both DLS and NTA, the experimental replicates (3-5) were first averaged and fitted using either a
Gaussian function G(x) or a Lorentzian L(x) based on the presence or absence of trailing end of the

distribution and were verified with R-squared value.

_ (x=b)\2
G(x) = ae 0567,
where ‘a’ is the amplitude or peak intensity of the curve, ‘b’ is the mean diameter where the peak occurs,

and ‘¢’ is the standard deviation which controls the width of the bell curve.

a

L(x) = ———
) 1+(20)2

b

where a is the amplitude or peak intensity of the curve, ‘b’ is the center of the, and c is the standard
deviation that controls the width of the bell curve. From this equation, we also calculated the

polydispersity index, a measure of size heterogeneity in the sample, by squaring the ratio of standard

. . . C
deviation to mean size (5)2.

4.7. Single-molecule localization microscopy (SMLM)

SMLM of EVs were obtained using a temperature-controlled Nanoimager S Mark II microscope from
ONI (Oxford Nanoimaging, Oxford, UK) equipped with a 100x, 1.4NA oil immersion objective, an XYZ
closed-loop piezo 736 stage, and 405 nm/150 mW, 473 nm/1 W, 560 nm/1 W, 640 nm/1 W lasers, as well
as dual/triple emission channels split at 640 / and 555 nm. For sample preparation we used a manufacturers

microfluidic slide coated with avidin. The sEVs were prelabelled with antibody for CD9 and CDS81 as
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mentioned in supporting information section 1.2. The samples were incubated in the channels for 20 mins
a washed with PBS before imaging. Two-channel (647 and 488 nm) dSTORM data (5000 frames per
channel) or three channels (2000 frames per channel) (647, 555 and 488 nm) were acquired sequentially
at 30 Hertz in total internal reflection fluorescence (TIRF) mode. Two colors were used for Me-sEVs,
and three colors were used for INS-sEVs with an additional label using the membrane-associated dye
MEMGlow560™. Before each imaging session, bead slide calibration was performed to align fluorescent
channels, achieving a channel mapping precision smaller than 12 nm. Single-molecule data was filtered
using NimOS (Version 1.18.3, ONI) based on the point spread function shape, photon count, and
localization precision to minimize background noise and remove low-precision and non-specific co-
localization. All pictures were analyzed using algorithms developed by ONI via their CODI website
platform (https://alto.codi.bio/).

4.8. Single vesicle fluorescence microscopy

A custom TIRF microscopy, previously described®-¢ - Nikon inverted microscope equipped with three
laser lines (488, 532, and 633 nm), a Photometrics DV2 dual view, and an Andor EMCCD digital camera
was used for single vesicle fluorescence imaging. Two fluorophore channels were used based on the
experiment; FITC and MEMGlow647™ were performed in the 488 and 647 nm channel, SRB and Atto-
647N-PE were performed in the 555 and 647 nm channel; CD9/CD63 labeled with Alexa Fluor 488 and
Sytl labeled with Alexa Fluor 647 were performed in 488 and 647 nm channel. For all measurements,
images were obtained at 512 x 512 pixels with a dynamic range of 16-bit grayscale. The exposure time
was set to 150 ms in both channels. Images were converted to TIFF using FIJIS” and analyzed with custom
Wolfram Mathematica algorithm. The flowchart in figure S11c describes the data analysis pipeline. All

colocalization efficiencies were computed using the identified vesicles in each channel.
4.9. Scanning-electron microscopy (SEM)

Samples were fixed in a 2% EMS-quality paraformaldehyde aqueous solution and washed twice with 1x
PBS or Buffer A, based on the EV or liposome sample, respectively. The agarose beads with vesicles
were used within 7 days of cell culture media extraction. All samples were dehydrated in a series of
increasing ethanol concentrations (10, 20, 30, 50, 70, 90, and 100%), following which, they were
transferred onto conductive double-sided carbon tape fixed on an SEM stage and dried. Prior to imaging,
the samples were thoroughly blow dried under a fume hood. A Hitachi SU8230 SEM was used for all the

imaging under low beam energies (1.0-3.0 kV).
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4.10. Negative stain electron microscopy

For preparing the negative stain EM grids of sEVs and Au-labelled sEVs (CD81 was labeled — see
Supporting information), 5 uL of the isolated samples (in PBS) were directly applied to a glow discharged
Carbon Type-B, 400 mesh, Copper grid (Ted Pella). After 1-minute incubation on the grid, the samples
were quickly washed with 5 pL of 2% (w/v) uranyl formate solution, followed by staining with another 5
puL of 2% uranyl formate for 1 minute. The grids were imaged using an 80 kV JEOL JEM-1400Plus
microscope equipped with a bottom-mount 4 k X 3 k charge-coupled device camera (Advanced

Microscopy Technologies).

4.11. RNA isolation and sequencing
4.11.1. RNA isolation from EVs

The Total exosome RNA and protein isolation kit (Invitrogen) was utilized for recovery of RNA from
both NIR and biotin eluted N2a EVs. Two hundred microliter of each sample (brought up to volume with
PBS if necessary) was combined with 205 pL of 2x denaturing solution, vortexed to lyse, and then
incubated on ice for 5 min. After incubation, 410 pL of Acid-Phenol: Chloroform was added to the
mixture and vortexed for 30-60 s to mix. Samples were then centrifuged for 5 min at 10000 g at room
temperature to separate the mixture into aqueous and organic phases. Once centrifugation was complete,
the aqueous (upper) phase was carefully removed without disturbing the lower phase or the interphase
and transferred to a fresh tube. One point twenty-five volumes of 100% EtOH was added to the aqueous
phase for each sample then vortexed to mix. About 700 pL of volume was placed onto spin column in a
collection tube then spun at 10000 g for 15 s to move the sample through the filter cartridge. Samples
were then washed once with 700 uL Wash Solution 1 x and 2 x with 500 uL wash solution 2/3
(centrifuged at 10000 g for 15 s for each wash). After washing, filter was dried by spinning for an
additional 1 min at 10000 g. The filter cartridge was transferred into a fresh collection tube and 50 pL of
preheated (95 °C) nuclease-free water was applied to the center of the filter. Samples were centrifuged
for 30 s at 10000 g to recover the RNA, then a second 50 pL volume of preheated (95 °C) nuclease-free
water was applied to the center of the filter and centrifuged for 30 s at 10000 g. After the second spin, the

eluate containing the RNA was collected and stored at -20 °C.
4.11.2.miRNA Seq quality control

RNA quality was determined by estimating the A260/A280 and A260/A230 ratios by nanodrop. RNA

was run on the Agilent Bioanalyzer gel or Agilent Fragment Analyzer.
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4.11.3. miRNA Seq library prep

Library preparation was performed using the Qiagen QIAseq miRNA Library Kit. SuL of RNA eluate
was taken for each sample. Adapters were ligated sequentially to the 3’ and 5° ends of miRNAs prior to
cDNA synthesis with UMI assignment, cDNA cleanup, amplification, and final library cleanup. The
library was run on the Agilent Tapestation and size selection was performed if there was excess adapter
dimer. The library was then quantified by qRT-PCR using a commercially available kit (KAPA

Biosystems).
4.11.4. Flow cell preparation and sequencing

Sample concentrations were normalized to 1.2 nM and loaded onto an Illumina NovaSeq flow cell at a
concentration that yields 5-10 million passing filter clusters per sample. Samples were sequenced using
100 bp paired-end sequencing on an Illumina NovaSeq according to Illumina protocols. The 10 bp unique
dual index was read during additional sequencing reads that automatically followed the completion of
read 1. Data generated during sequencing runs were simultaneously transferred to the YCGA high-
performance computing cluster. A positive control (prepared bacteriophage Phi X library) provided by

Illumina was spiked into every lane at a concentration of 0.3% to monitor sequencing quality in real time.
4.11.5. Data analysis and storage

Signal intensities were converted to individual base calls during a run using the system's Real Time
Analysis (RTA) software. Base calls were transferred from the machine's dedicated personal computer to
the Yale High Performance Computing cluster via a 1 Gigabit network mount for downstream analysis.
Primary analysis - sample de-multiplexing and alignment to the human genome - was performed using
[llumina's CASAVA 1.8.2 software suite. The data was returned if the sample error rate was less than 2%

and the distribution of reads per sample in a lane was within reasonable tolerance.
4.12. Western Blot

EV samples were lysed with electrophoresis (Laemmli) sample buffer and boiled the mixture at 95-100
°C for 5 min. Proteins were separated by the SDS/PAGE method, and performed western blots based on
the Biorad western blot protocol. The blots were stained with antibodies depending on the protein
analyzed and incubated overnight. The antibody used and the dilution can be found in Table S4. The blot

was developed with ECL western blot substrate.

4.13. Statistics and reproducibility
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Data were represented as the means + SEM or mean = SD, mentioned in all appropriate cases. Unpaired
Student’s t-test was used to analyze data with only two sets. Two-way analysis of variance (ANOVA)
was performed to determine whether there was a significant difference between more than two datasets,
following Tukey’s method, using GraphPad Prism 6.0. Group differences at the level of P < 0.05 were
considered statistically significant. Asterisk (*) represented p < 0.05; double asterisk (**) represented p <

0.01; triple asterisk (***) represented p < 0.001; quadruple asterisk (****) represented p < 0.0001.

Data Availability

The data supporting this study's findings are available from the corresponding author upon reasonable
request. We have also submitted all relevant data to the EV-TRACK knowledge base (EV-TRACK ID:
EV240006)%8.
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