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Abstract

Extracellular vesicles (EVs) are diverse nanoparticles with large heterogeneity in size and
molecular composition. Although this heterogeneity provides high diagnostic value for liquid
biopsy and confers many exploitable functions for therapeutic applications in cancer detection,
wound healing and neurodegenerative and cardiovascular diseases, it has also impeded their
clinical translation—hence heterogeneity acts as a double-edged sword. Here we review the
impact of subpopulation heterogeneity on EV function and identify key cornerstones for
addressing heterogeneity in the context of modern analytical platforms with single-particle
resolution. We outline concrete steps towards the identification of key active biomolecules

that determine EV mechanisms of action across different EV subtypes. We describe how such
knowledge could accelerate EV-based therapies and engineering approaches for mimetic artificial
nanovesicle formulations. This approach blunts one edge of the sword, leaving only a single
razor-sharp edge on which EV heterogeneity can be exploited for therapeutic applications across
many diseases.

Extracellular vesicles (EVs) are composite biomaterials formed from a rich membrane

of lipids, sterols, membrane proteins and glycans surrounding an aqueous compartment
that contains proteins, nucleic acids, metabolites, cytokines and other soluble mediators
capable of impacting biological functionl. EVs exhibit numerous inherent qualities that
make them highly desirable for the delivery of nanodrugs. Some exhibit enhanced retention
in circulating biofluids? and can be immune-tolerant3#4, avoiding phagocytic clearance for
enhanced half-lives in circulation®. Others appear to have organotropic character to target
specific cells within distant tissues (although only a few precise mechanisms have been
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identified so farS), impacting cell communication®-8, migration®19, differentiation!:12 and
proliferation1314. EV's mediate cellular stress response® and are rapidly absorbed by most
cells via active entry and fusion®:17. Their nanoscale dimensions permit passive tissue
uptake via the enhanced permeability and retention (EPR) effect by tumours through leaky
vasculaturel8 (although the extent and utility of the EPR effect for reaching the deep tumour
is debated1®). Some are reported to cross endothelial barriers, including the blood—brain
barrier (BBB)20-22, although specific mechanism(s) remain largely unknown. They provoke
potent functional responses, which include suppressing antitumour immunity23, altering

the tumour microenvironment24 and inducing angiogenesis??. They are also malleable and
suitable for genetic manipulation or exogenous loading, piggybacking on their inherent
qualities and engineering new ones26:27.

Despite this potential, approaches to effectively use EVs for clinical therapeutics have not
yet materialized—there is currently no EV formulation approved by the US Food and Drug
Administration, although favourable safety profiles have been confirmed in several studies?®.
Many hurdles towards clinical translation have been identified, including gaps in uniform
quality control and poor alignment with regulatory guidelines?®. Here we focus on a critical
hurdle upstream of those barriers—intrinsic EV heterogeneity—which is defined as the
differential distribution of molecules across single EVs.

EV heterogeneity means that individual vesicles do not have all of the chemical or
physical traits ascribed to the bulk, suggesting that each vesicle may also not have the
functional properties that are ascribed to the bulk. Given that a single vesicle’s ability

to perform a given function depends on its precise composition, only a population of

EVs with a specific chemical composition may be responsible for a particular function.
As EVs produced even from a single cell have compositional heterogeneity, functional
subpopulations may exist regardless of the homogeneity of the source. To better describe
this phenomenon throughout this Review, we use the term subpopulation heterogeneity to
include both inter-subpopulation heterogeneity (compositional and functional differences
amongst EVs from various sources) and intra-subpopulation heterogeneity (differences in
EVs within subpopulations derived from the same source), specifying ‘inter-" and ‘intra-’
where relevant. For example, a central claim of the potential utility of EVs is that they have
long circulation half-lives compared with free drugs or liposomal counterparts. However,
some studies have reported EV half-lives of less than 10 min, whereas EV subpopulations
expressing CD47 are much longer30. Thus, heterogeneity in molecular composition (that
is, CD473%) and other features, such as EV size3L, lead to diversity in spatial distribution
and thus biological response. These issues are further exacerbated when considering the
additional impact of EV isolation or enrichment platforms on EV heterogeneity32. Many
examples of such highly disparate reports of EV function can be found in the literature,
further highlighting their inherent heterogeneity. As such, we posit that intrinsic EV
heterogeneity is currently the critical barrier for translational therapeutics.

In this section we have highlighted the known features of EV subpopulation
heterogeneity and its impact on functional performance in therapeutics. Next, we review
existing technologies, including their advantages and disadvantages, that are capable of
characterizing EV heterogeneity with single-vesicle resolution. Finally, we outline three
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cornerstones by which to address the EV heterogeneity barrier: (1) the need to carefully
implement complementary methodologies for adequately characterizing EVs; (2) the need
to establish standardized functional assays for comparing EV subpopulations in the context
of a given application; and (3) the need to leverage the growing field of mimetic EVs with
defined characteristics. Taken together, these steps will lead to identifying and exploiting
defined mechanisms of action (MOAS) and greatly accelerate the development of EV
therapeutics, for both endogenous sources and engineered formulations.

EVs exist in highly heterogeneous subpopulations

Size

EV preparations are intrinsically heterogeneous, with each vesicle containing varying
concentrations and combinations of molecules. Failure to account for this may compromise
scientific investigation and hamper clinical translation (although synergistic beneficial
effects may also be gained). Whereas many reports have indicated inter-subpopulation
functional differences arising from EVs isolated across different sources, few have
investigated the intra-subpopulation variance of EV composition within a given source

of EVs. EV subpopulation heterogeneity can be categorized into (1) physical parameters,
such as size33, density3* or viscoelasticity3°, or (2) molecular composition, for example, as
commonly demonstrated by antibody-based catch-and-release for segregation by surface
marker36:37. Many reports have explained functional differences in EV subpopulations
according to either diameter or composition, suggesting that EVs have the potential to
perform highly specific functions38-41,

Size is one of the major determinants of EV composition. Even among enriched isolates
from a single source, EVs exhibit a log-linear decrease in concentration over a size range

of approximately 30 nm to more than 150 nm, with a mode in the 40-100 nm range for
most EV sources#2-44, Whereas bulk analyses have uncovered thousands of EV-associated
biomolecules, single-EV analysis reveals that each vesicle carries only a small subset?®.
The discrepancy in relative stoichiometry is greatly exaggerated by size (Fig. 1a): a 150

nm vesicle has 25-fold more surface area and 125-fold more volume than a 30 nm vesicle—
potentially trafficking thousands more proteins and other cargo. Even a moderately large 50
nm vesicle has threefold the surface area and fivefold the volume of a 30 nm vesicle.

Considering that differences in concentration and composition impact potency;, it seems
reasonable to posit that EVs of different sizes from a single source would exhibit differential
biological functions. Indeed, some functional aspects of EVs are known to vary with size,
including cell uptake33 (which is also cholesterol-dependent*6). Concerning membrane
protein composition, smaller EVs (<50 nm) are differentially enriched compared with larger
ones*’. CD9 and CD63, two commonly analysed EV tetraspanins, share disparities in
expression depending on EV biogenesis pathway (exosome versus endosome). Our own
data (from the quantitative cryogenic electron microscopy (cryo-EM) of EVs isolated from
HEK?293 cells via size-exclusion chromatography (SEC)) indicate that >70% of EVs by
count and >25% of the EV surface area exist in a subpopulation of <80 nm in diameter

(at the limit of light-scattering-based resolution), and that protein composition (using hybrid
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interferometric reflectance imaging—fluorescence microscopy) varies substantially with size
(Fig. 1b,c).

This observation has interesting implications for the biological function(s) of EV
subpopulations. As the diameter decreases and the surface-area-to-volume ratio increases, is
the biological function dictated by the surface cargo rather than the luminal cargo? Similarly,
is there a lower size of EV for which the luminal cargo is negligible? A recent study has
suggested that under a limiting surface-to-volume ratio (that is, a diameter of <200 nm),
EVs exhibit a prevalence of membrane-associated proteins and thus may be considered to

be more surface-active than luminal-active, as compared with larger EV's (>800 nm) or large
oncosomes (>1,000 nm), whose function may be based on their dominating luminal cargo?s.

In general, studies for understanding the influence of size within small EVs (for example,
<200 nm) are rare, primarily due to the limited technical capacity to fractionate EVs with
meaningful resolution. SEC can be used to modulate the lower range of EV sizes enriched
by changing the resin pore size (35 nm versus 70 nm lower size cut-off), yet decreasing the
diameter recovered increases the contaminating protein. Such trade-offs often mean that the
downstream assessment of functional performance, ascribed to a particular EV size fraction,
is problematic.

EV fractionation by size has been demonstrated using asymmetric flow field-flow
fractionation (AF4)38, resulting in the coarse enrichment of large EVs (90-120 nm),

small EVs (60-80 nm) and even smaller EV-like particles known as exomeres, which

are non-membranous particles with a size of <50 nm. Enriched exomeres can be further
pelleted via ultracentrifugation to differentially isolate supermeres (that is, supernatant of
exomeres)#9. Recent biochemical analysis of such fractions has indicated notable differences
in composition and function across these subpopulations®%:51, Nonetheless, more work is
needed, both in technical platform development towards high-resolution size fractionation
and in applying techniques to better define the localization of molecules across particles of
various sizes.

Molecular composition

Membrane.—The EV membrane is the primary interface, regulating immune clearance,
tropism, endothelial trafficking and more. Recent compelling work has suggested that the
central function of EVs in intercellular communication is not via the delivery of intraluminal
content but rather through direct membrane contact, with EVs acting as a surrogate for
contact-dependent cell signalling®2. Yet, how functional surface moieties are distributed
across EVs remains largely undefined, as the co-presence of multiple molecules on a
single vesicle is difficult to measure. We recently reported the identification of distinct
molecularly defined EV subpopulations from the variable co-expression of common EV
tetraspanins with several tumour markers (CD24, EpCAM and HER2)%3, underscoring and
the importance of carefully selecting pull-down moieties for diagnostic application. Other
recent evidence suggests that single EVs may be only sparsely decorated with functional
molecules®,
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EV isolation methods also impact heterogeneity. For example, compared with EV's exposed
to high, damaging shear forces during ultracentrifugation, EVs isolated via SEC have
increased functionality to induce ERK phosphorylation in the context of angiogenic
potency®®. The influence of isolation-driven heterogeneity on downstream function may

be insufficiently studied. For example, EVs exist across a range of densities (~1.09-1.29 g
ml~1)34  yet no functional studies compare potency or other endpoints across this range.

Core.—For synthetic drug-delivery vehicles, physico-chemical properties are typically
confined to a narrow range to maximize potency and minimize variance across
preparations®®. For EVs, such variance in loaded cargo is largely ignored. Furthermore, co-
localization of functional surface molecules correlated with internal payloads has rarely been
explored at the single-vesicle level, although such approaches are under development>7:58,
The efficiency of drug encapsulation across EVs, with respect to size or the density of

a desired surface marker, are mostly unknown, despite the use of surface expression to
dictate the EV fate® and function®2. For example, EVs navigate the extracellular matrix in

a composition-dependent manner, mediated by the presence of molecules found only on a
subset of EVs within a given source®®. Targeted delivery may be highly impacted, depending
on the co-localization of such integrins with the desired functional molecules.

Considering the substantial EV heterogeneity and limitation of the methodologies that
are currently available for its assessment, we propose three primary cornerstones (with
associated challenges) in the context of improving therapeutic applications.

Cornerstone 1: implementing complementary single-EV methodologies,

with calibration and caution

The first step in addressing EV heterogeneity is to accurately characterize their
properties, ideally at single-molecule resolution on single EVs. Modern single-particle
platforms include NTA, nanoscale flow cytometry (FCM)80, hybrid interferometric
reflectance imaging—fluorescence microscopy®!, RPS62, super-resolution microscopy
(SRM)83:64 electron microscopy (EM)85:66 and single-particle spectroscopy®”. Each of
these technologies has distinct advantages, disadvantages and detection limits in terms of
molecular or size sensitivity thresholds (Table 1)58,

Some interesting trends are noted. No single method has the ideal combination of speed,
throughput, cost, single-vesicle resolution, limit of detection, phenotyping ability and
ability to be calibrated. Whereas NTA can detect the presence of some contaminants via
fluorescence modes on some models, it is fundamentally limited by the low scattering
efficiency of biological nanoparticles, with a practical lower-size detection limit of ~70-
90 nm for most EVs8. As such, NTA measurements are intrinsically biased towards

larger EVs, potentially missing more than half of particles below its detection limit (Fig.
1b,c). Laser trapping Raman spectroscopy offers molecular fingerprints of EVs, and when
combined with light scattering can provide concurrent sizing but is similarly limited by the
low refractive index and low scattering of EVs’0. RPS improves on the lower size limit,
down to ~65 nm, but typically offers no molecular information (although the new ARC
platform combines fluorescence with RPS). Single-particle-resolved fluorescence platforms
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can deliver multiplexed analysis but struggle to detect fewer than several dozen epitopes

per particle, and thus may not have the sensitivity to sufficiently characterize EVs. Similar
limitations in the lower limit of scatter detection and epitope sensitivity by fluorescence
detection impede single-particle FCM®0. SRM enables spatial resolution down to 20 nm,
and can provide information on the morphological, physical and chemical composition of
single EVs®. However, SRM relies on specialized dyes and chemical conditions, and EVs
must be immobilized and fixed. EM has the sensitivity to directly probe the entire size
range of EVs but fails to deliver molecular information, except when combined with gold
nanoparticle labelling, although this approach is laborious, low-throughput and only enables
limited multiplexibility”L.

Despite the limitations of existing technologies, innovations are being rapidly reported for

addressing many of these gaps, including single-molecule fluorescence detection’ and EV
droplet sequencing®8, which may deliver robust protein analysis at single-vesicle and even

single-molecule resolution. Whereas these technological developments are often driven by
EV diagnostics’3, they could be adopted for characterizing therapeutic formulations.

Critically, single-particle technologies are sensitive to subsets of a given size and/or
concentration range of EVs; therefore, careful consideration must be taken to ensure

parity across instruments®4. It is not likely that the same single EVs can be compared

across techniques, making calibration for direct comparison essential. Currently, different
techniques exhibit various forms of internal calibration, depending on the variable measured.
In FCM, high-dynamic-range detectors enable calibration using a Mie scattering model to
determine the lower limit of detection’# 7>, NTA can provide calibrated data that relate

mean squared displacement to diameter and mean number of events to concentration, but

its limit of detection cannot be reliably calibrated due to low-dynamic-range camera-based
detectors. As a result, the lower limit of detection for NTA fluctuates, making cross-platform
comparison unreliable. The reported diameter provided by hybrid interferometric reflectance
imaging—fluorescence microscopy (that is, ExoView/Leprechaun) is also obtained via a
calibration performed by the manufacturer, albeit under the assumption of a specific EV
refractive index (which is known to vary across EVs’®).

Challenge 1: EV enrichment technologies lag behind EV characterization

tools

In general, leaps in technology to enrich or sort subpopulations of EVs have developed

more slowly than characterization tools. As technologies to measure the accurate distribution
of desired functional molecules across single vesicles at single-molecule sensitivity are
developed, platforms for sorting and enriching EVs on the basis of this information must
follow. This is a major hurdle for the therapeutic application of EVs, where trillions

of EVs are typically needed to provoke a response in vivo. With their customizable

designs, microfluidic devices have demonstrated enhanced EV yields, purification capacities
and contaminant separation compared with traditional methods’”. These features enable

the purification of EV populations via biophysical characteristics and functional surface
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cargo. More work is needed to develop such platforms for efficient, high-throughput, multi-
parametric EV isolation.

For routine EV characterization, ideal workflows would be to collect calibrated data

from multiple instruments to report concordance’®. Relevant size ranges and fluorescent
sensitivities should be measured and used to contextualize concordance across the
measurements. For EV concentration, the context of particles that exceed a given
technique’s limit of detection is often difficult to assess. Where possible, units of

EV measures should be transformed to standard units—for example, the conversion of
fluorescence arbitrary units to molecules of equivalent soluble fluorochrome (or MESF)
and diameter values reported in nanometres—by calibrating measurements against NIST-
traceable standard materials (MESF-calibrated fluorescent beads, refractive index standards
and so on)4.

Cornerstone 2: standardized functional assays for EV subpopulations

Functions of interest for EV therapeutics are (1) high cellular uptake’879, (2) cell/tissue
tropism®, (3) immunomodulation’880, (4) endothelial barrier crossing?18, (5) protective
effects (for example, neuroprotection)®2:83, (6) regenerative properties (for example,
angiogenesis)84-87 and (7) cell death/proliferation?®. Critical gaps that contribute to the
barrier of EV clinical translation have been described extensively2988-92 and include the
difficulty in assessing purity from co-isolates and a poor understanding of MOAs. In recent
years, there have been substantial improvements?3, in part associated with a field-wide
movement towards reproducibility, which includes efforts such as the minimal information
for studies of extracellular vesicles (MISEV) guidelines®49 and EV-TRACK?9. Despite
this, dose—response studies8%97, non-conditioned media controls?8:99 and detergent-treated
controls1% remain under-used.

Potency assays, discussed in multiple reviews in the context of EVs29:92 are an essential
validation step for therapeutics, and are ideally designed to test the MOA of a product101.102,
Potency assays quantitatively measure the ability of a product to produce a given effect in

a disease-relevant manner2®. Harnessing a specific functional subpopulation may drastically
improve the potency of EV therapeutics while decreasing off-target effects. However, there
is no clear pipeline for how to reproducibly prove a connection between a physico-chemical
subpopulation and the function of EVs. Standardization of a matrix of tests to identify the
relationship of a physiochemical property of an EV with a specific MOA and function will
be essential in the preparation of natural and synthetic EV-based therapeutics?%101, The goal
of such a matrix of tests would be to compellingly confirm that a subpopulation of EVs

with defined physiochemical properties exists and can be quantified (that is, dosed), and that
these properties are required for functional effects on a target cell. Single-particle analysis
techniques may offer insight into the frequency of the subpopulation and the distribution of
key molecules in question81:103,

We outline an ideal, generalized workflow to develop an appropriate MOA study, using
many of the controls and experiments recommended in various reviews2%92.95 while
specifically considering EV heterogeneity at the single-EV scale (Fig. 2).
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First, to confirm that the potency in a given assay arises from EVs, several controls are
recommended, such as surfactant controls, dose-response curves and negative fluorescence
or non-conditioned media controls®#95. A method to confirm EV interaction with a target
cell (that is, confocal microscopy) would be beneficial. Whereas the assay itself should be
specific to the function of interest, it is important to ensure that the measure is quantifiable.
To this end, functional negative and positive controls for comparing the potency of an

EV to a known, non-EV molecule would also aid in standardization?%191, For example,

if an EV-based therapeutic was designed to stimulate angiogenesis, a potency comparison
with vascular endothelial growth factor (or VEGF) as the positive control would be useful.
Finally, the controls and comparisons used to confirm the MOA of a given physiochemical
property should be chosen carefully.

As protocols to enrich EVs via target physiochemical properties are lacking, indirect
approaches are often used to correlate specific molecules to a given function. These include
(1) using multiple endogenous populations of EVs with different physiochemical properties,
(2) engineering endogenous EVs, (3) comparing EVs from genetically modified cells1% and
(4) comparing EVs with synthetic/mimetic counterparts. As each has unique limitations, it is
necessary for researchers to consider how these limitations may impact their conclusions.

Additional features for an ideal functional assay, as broken down into the following topics,
should be considered.

Multiple and complementary assays

We recommend using at least two complementary assays to produce compelling results.

For example, it has recently been reported that CD47 expression on EVs limits phagocytic
clearance’®. Whereas fluorescent EVs from CD47 knockout cells were quickly cleared

from circulation, EVs from a cell line producing high amounts of CD47 had an increased
number of circulating EVs that could be recovered. Complementarily, blocking CD47

using a functionally blocking antibody increased the signal of EVs within circulating
monocytes, suggesting that CD47 expression blocked phagocytosis. In this manner,
functional conclusions based on multiple methods with different limitations are less likely to
result from a confounding variable associated with using any single method.

Cell sources

Examining EVs enriched from different cell sources remains one of the most common
practices in correlating EV properties with function. Frequently, this is a top-down approach,
first identifying the cells that produce EVs with a given function, and then comparing

those EVs to identify similar physiochemical features®19, Similarly, some studies have
used an effective ‘control’ population?® of EVs by comparing the EVs from cells of similar
lineage or source with key functional differences to identify, first, whether or not EVs
influence a specific biological function and, then, the key features that differentiate the EV
populations?1:106-108 ' Although these studies are informative and associate a function with
an EV type or subpopulation, a clear MOA often remains speculative.
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Differences in size and molecular composition between EV populations confound equivalent
dosing by particle count, protein amount or a combination of these. Instead, by defining a
specific MOA, the relevant molecules themselves could be used as the dosing method. The
quantification of particle numbers is confounded by the detection limits of most equipment.
In addition, no standard method of labelling EVs for any studies that require fluorescence
(that is, in vitro uptake or biodistribution) exists. Many commonly used dyes, such as
membrane stains (PKH67, MemGlow, DiR), soluble dyes (CFSE) or fluorescently tagged
antibodies, have bias towards specific EV locales or molecules and could be unknowingly
labelling EV subpopulations199:110, Finally, success in vitro has not always been a good
indicator of success in vivo.

Blocking, knockout and knock-in

Remoaving or blocking specific physiochemical components can be used to identify
functional molecules®®:78:95.111 Chemical treatment can also be used to remove certain
components of EVs (that is, trypsinization for cleaving extracellular domains of surface
moieties’®). Multiple studies have examined the knockout, knock-in or mutation of
molecules to identify functional differences in EV subpopulations’8-112113 However, these
studies frequently cause unintended effects outside the specific pathway or molecule9.114
and rely on specific biogenesis pathways.

Finally, comparing EVs with synthetic counterparts can elucidate the functional contribution
of EV physiochemical features. For example, EVs as drug-delivery vehicles have been
compared to liposomes by incorporating lipids that mimic the bilayer of EVs’8.79, With

the advent of newer technology, proteoliposomes may also offer an option for synthetic
comparisons, especially for organotropic uptakel15116: however, these vehicles have yet to
be directly compared with EVs. As described in the following section, methods to artificially
generate EV mimetics largely ignore vesicle heterogeneity.

Challenge 2: heterogeneity of EVs is not considered in clinical therapeutics

Clinical applications of EVs are already well underway, yet heterogeneity has rarely been
considered, leading to poor rigour and reproducibility, and potentially eroding confidence
in EV-based therapeutics. Very few descriptions of EV clinical trials acknowledge EV
subpopulations. Trials that claim a specific EV biomolecule as being responsible for its
therapeutic effect typically provide bulk assays to show the presence of the molecule

of interest in their EV samples. Only a single currently active EV therapeutic trial has
detailed single-EV characterizationl1?, via CD24-expressing EVs from an engineered cell
line. However, FCM data were only used as a qualitative confirmation of CD24 on the
EVs and did not include any methods for purifying or otherwise enriching CD24-expressing
EVs. Improving trial design using the workflow described in the previous section will
undoubtedly improve the performance, consistency and impact of clinical studies.
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Cornerstone 3: engineered nanovesicles to complement and benchmark

EVs

The third and final cornerstone is the leveraging of synthetic artificial nanovesicles (ANVSs).
ANV applications are on the rise for addressing the heterogeneity of endogenous EVs

and the relatively inefficient harvest rates from cultured cells}18-120, ANVs are typically
produced in higher yields, such as via cell fragmentation121:122 which can achieve between
100-fold123 and 250-fold124 higher yields than native EVs. However, high-yield purification
may not translate to the functional purity and homogeneity of samples.

ANVs are typically synthesized using liposomes as the base chassis'2®, via sonication,
extrusion, double emulsion, microfluidic devices or pH jumping126-132, Other methods
combine liposomes and native EV to incorporate lipids or proteins and thus create
semisynthetic or hybrid ANVs33, Microfluidic methods that produce ANVs result in more
uniform populations!?°. Other methods, such as AF4 (ref. 134), are yet being developed for
reducing the size heterogeneity of liposomes post-synthesis. The lipid composition depends
on the therapeutic application and can introduce an additional degree of heterogeneity135,
Regardless of the preparation method, labelling method or lipid composition, a degree of
heterogeneity in size or composition is commonly present!35.

EV-mimetic liposomes are often functionalized with Peptides, proteins, or other molecules
via covalent conjugation?36:137_ For example, the bacterial cytolytic toxin ClyA has been
attached to bacteria-derived vesicles using a SpyCatcher/SpyTag pair and a SnoopCatcher/
SnoopTag pairl38. Yet these studies rarely consider the heterogeneity of protein distribution
across single-engineered vesicles.

Other examples of closely related structural nanoparticles, such as solid lipid nanoparticles,
need little leveraging, exemplified by the global rollout of the COVID vaccines
manufactured largely by Moderna and Pfizer/BioNTech. These ribonucleic acid/lipid
conjugate biomaterials share a nanoscale dimension with EVs but do not offer the
additional functionality provided by ANVs (for example, active targeting, immune
privilege and structural features such as membrane proteins, glycans and aqueous lumen).
The complexation of solid lipid nanoparticles with EVs for creating artificial hybrid
nanoparticles with combined functions has been proposed but not yet reported3,

There is a distinct opportunity to use ANVSs to probe some of the long-standing questions
regarding the interplay between EV size and composition (Fig. 3). ANVs can be designed
for the engineering of various EV membrane and core content features while systematically
varying the diameter, or vice versa. The approaches can be scaled more easily than with
native EVs and produced in more homogeneous formulations. In addition to such use as
positive controls for functional output, they can similarly be applied as reference standards,
to benchmark characterization platforms or other assays.
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Challenge 3: engineering and characterizing the heterogeneity of ANVs

Outlook

ANV characterization suffers the same limitations as described above, that is, low

scattering efficiency and challenges of single-molecule sensitivity. As with the discussion
for EV's above, ANVs would benefit from adopting the current single-particle analysis or
microfluidic-based isolation or enrichment platforms that are being developed for EVs for
downstream functional testing. However, ANV formulation is a bottom-up process, whereby
the physiochemical features of the nanoparticle are introduced starting from a blank state.
The field is currently struggling with methods for the facile and reliable introduction of a
single protein or function into the ANVSs. In this regard, engineering and characterizing their
heterogeneity is poorly appreciated and investigated.

In addition, given that the precise molecular composition of active EV subpopulations
within a heterogeneous batch is ill-defined, it remains a challenge to synthesize mimetic
ANVs. It is unclear whether the current methods for bottom-up ANV synthesis can achieve
the complexity needed to mimic EVSs, such as multiple disparate membrane proteins or
complex glycans with controlled spatial distribution across single vesicles. These remain
open questions that need to be addressed if the field is to move forwards.

The rapidly evolving field of EVs and ANVs stands on the precipice of substantial
breakthroughs. There are, however, prominent challenges to be addressed.

Unravelling the nature of EVs

One of the central pursuits in the EV landscape is an all-encompassing characterization

of these vesicles. Microfluidics has emerged as a promising avenue that provides refined

and precise ways of isolating and enriching EV samples. With this advancement, the
community is poised to comprehensively understand EV heterogeneity. SRM and FCM

are at the forefront of single-vesicle characterization, and offer a window into the intricate
composition of EVs. However, to truly grasp the complexities, multi-dimensional techniques
may hold the key, enabling us to better assess the diverse biomolecular makeup of these
vesicles.

Decoding functionality through assays

Whereas characterization paints a detailed portrait of EVs, functional assays reveal their true
impact. The present landscape, unfortunately, sees a range of assays with various standards,
leading to fragmented insights. A standardized approach is imperative. This understanding
will shape dosing methodologies. Furthermore, the fluorescence labelling of EVs needs a
refined approach. The current bias in labelling EVs depends on the choice of dye, such

that where the label is sited (for example, a soluble dye such as CFSE in the lumenl40, a
membrane-inserting dye such as fluorescent PKH26141 or an antibody-tagged fluorophore
against a particular EV membrane protein®’) can skew the results41. This potential bias
underscores the importance of a standardized method that facilitates comparison across
different laboratories and captures the true chemical, physical and biological properties of
EVs.
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Bridging the clinical divide

ANVs

Clinical trials, which should be the gold standard of EV-based therapeutics, often sidestep
the issue of EV subpopulations. This gap undermines rigour and reproducibility and
threatens the foundational confidence in EV-based treatments.

Whereas ANVs promise a solution to the challenges of EV heterogeneity and production
limitations, their potential has not been realized. Key milestones include the establishment
of techniques for assessing the biomolecular heterogeneity within ANVs and simulating
the complexities of EVs in these engineered counterparts. However, the intricacies of
engineering ANVs are notable as their synthesis poses its own challenges. Achieving a
level of complexity that mimics EVs is a daunting task, but successes in this will mould
the therapeutic landscape, determining whether ANVs can stand alongside EVs or serve as
adjuncts.

This Review briefly presents a path forwards to strategically overcome vesicle heterogeneity
as a major hurdle in the clinical translation of EVS/ANVs for nanotherapeutics. We
summarize the current knowledge regarding the differential functional roles ascribed to

EV subpopulations, highlighting the lack of focus on particle heterogeneity. The gap in
addressing intra-subpopulation heterogeneity within a given EV preparation could explain
the lacklustre efficacy of current EV-based drug-delivery systems. Off-target effects that
arise from contaminating subpopulations could be potentially crippling their potential
impact. We emphasize three concrete cornerstones for addressing heterogeneity, including
the implementation of complementary single-EV methodologies, the standardization of
functional assays in the context of the distribution of potential mechanistic biomolecules
across single EVs and the leveraging of engineered ANVSs to replace or benchmark native
EVs. We highlight a few major challenges that could serve as focal points for future
development (Box 1), including the development of isolation technologies that focus on
enriching EVs, according to multiple markers and sizes with high resolution, and improving
the approaches for proteoliposome/ANV synthesis. Microfluidic platforms hold promise, but
so far have not materialized with sufficient throughput for isolating the yields needed for
downstream functional assays or in vivo use. Addressing these bottlenecks will improve
EV-based therapeutics, inform ANV engineering approaches and accelerate both EVs and
ANVs towards clinical translation.
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Box 1

Key future milestones

As the research community ventures further into the applications of EVs and ANVs,
these milestones may shape the direction and pace of advancements.

Advanced vesicle characterization. Achieving higher resolution and the
more accurate characterization of individual EVs—shedding light on their
true heterogeneity—will be pivotal. The development of newer techniques or
the refinement of existing ones, such as SRM, will be crucial milestones for
understanding vesicle nuances. The creation of innovative new approaches to
characterize EV heterogeneity will be highly impactful.

Standardized functional assays. Establishing universally accepted
functional assays will enhance our understanding of EV behaviour and
pave the way for more reproducible research outcomes. The creation of
standardized assays is urgently needed to validate the potency and utility of
EVs.

Clinical trial refinement. As EV-based therapeutics grow in prominence, an
essential milestone will be the broad acknowledgement of EV heterogeneity
in the design of clinical trials. This recognition could improve the efficacy,
reproducibility and safety of EV applications in clinical settings.

Engineering mastery of ANVs. The coming years will see a focus on
producing ANVs that closely mimic the complexity and functionality of
natural EVs. Successfully introducing multiple proteins, complex glycans and
controlling their spatial distribution across ANVs will be a key achievement.

Therapeutic applications and benchmarks. A substantial milestone will be
the use of ANVs, not just as therapeutic agents but also as benchmarking
standards against which natural EVs are compared in terms of functionality
and characterization.

Interplay of size and composition. Using ANVS to investigate the
relationship between EV size and composition will lead to greater insights
into their natural function and potential therapeutic applications.

Microfluidics for EV and ANV isolation. Scaling and optimizing
microfluidic-based isolation techniques will revolutionize how researchers
isolate and enrich specific vesicle populations. Reaching a point where these
techniques are commonplace in laboratories worldwide will be a notable
advancement.

Understanding and mimicking EV biogenesis. Deepening our
understanding of the biogenesis pathways of specific EV subpopulations will
be instrumental. This knowledge will subsequently inform the engineering of
ANVs, for reliably reproducing the properties of particular EV types.
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. Addressing dosing challenges. Solving the complex puzzle of EV dosing
—whether by particle count, protein amount, specific molecules or other
measure—will be crucial, especially as these vesicles move closer to
widespread therapeutic use.

. Collaborative research and knowledge sharing. Establishing and refining
platforms for global collaboration and standardization will ensure that
researchers worldwide can build on each other’s work, providing
opportunities for accelerated breakthroughs in the field.

Nat Nanotechnol. Author manuscript; available in PMC 2025 January 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Carney et al.

Page 22

a b

Transmembrane Negative-stained TEM
proteins 7} ,,;y* w

ﬁ:oluble —(ib
0

cargo

Glycans

07 Bilayer
8 v A

2" asymmetry

= — Cryo-EM
3 109 — RPS
o — NTA
L 8- T :
Functional 2 Limits of detection
lipids g 6 70% EVs by count
o 25% total surface area
8 4
g
5 27
z
6] T T T T T
50 100 150 200 250 300
'_g:igl:'c Size (nm)
c
50 nm ' ) 30 nm ; x10® ExoView:
150 nm 21007 ™ 5 . M Anti-CD81
< i it [ Anti-CD63
£ M Anti-CD9
Diameter Relative Relative Number of §
(nm) volume surface area proteins I 104
30 1x 1x 100 8
50 5x 3x 300 E
100 37x 1x 1,100 =2 ! J J ‘ ; J
’ 50 100 150 200 250 300
150 125x 25x% 2,500

Size (hm)

Fig. 1 |. EVs exhibit major heterogeneity that currently limits their effective application in drug
delivery.

The first cornerstone by which to address EV heterogeneity is to assess it using multiple,
complementary single-particle characterization techniques. a, EVs are heterogeneous in size,
from ~30 nm to more than 150 nm. The smallest and largest EVs are unlikely to exhibit
similar functions due to large differences in their volume, surface area and composition (for
example, membrane components and soluble cargo). The relative volume, surface area and
number of membrane proteins scale for a given vesicle size. b, Single-particle sizing (via
negative-stained TEM, cryo-EM, resistive pulse sensing (RPS) and nanoparticle tracking
analysis (NTA)) reveals high polydispersity, with as much as 70% of EVs by count (and
25% of EVs by surface area) falling below 80 nm, that is, the size detection threshold of
NTA. TEM, transmission electron microscopy. ¢, Molecular information measured using
single-particle immunofluorescence indicates that common membrane proteins (that is,
tetraspanins CD9, CD63 and CD81) vary with diameter.
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Fig. 2 |. Generalized experimental workflow for determining the EV MOA in the context of
single-vesicle heterogeneity.

A second cornerstone by which to address EV heterogeneity is to develop in vitro functional
studies towards identifying an MOA. EV-enriched inputs should be dosed in complementary
functional assays with defined quantifiable metrics. Bold arrows along the left and centre

of the schematic illustrate an idealized path towards defining potential biomolecules (ideally
defining their distribution across single particles), enriching target subpopulations with those
biomolecules and repeating the assay against EV sources without the target. Various controls
that depend on the context of the assay are summarized along the right-hand side of the
schematic. Input controls, such as purified EV subpopulations, EV-depleted biofluids or
liposomes loaded with the target biomolecule or active pharmaceutical ingredient (API)
should be used if possible. To aid in identification of the MOA, functional blocking or other
manipulation of the target biomolecule should be performed.
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Fig. 3 |. Engineering ANVs to address long-standing challenges that are associated with EVs.
A third cornerstone for addressing inherent EV heterogeneity is to use synthetic ANVs.

Whereas native EVs exist in highly entangled mixed populations that vary in, for example,
size, density and molecular composition, ANVs can in theory be tailored with highly
controlled molecular content (for example, a desired protein *X’), size and density. Whereas
such materials could benchmark or replace/complement EV therapeutics, it remains a
challenge to assess ANV heterogeneity, and technical capabilities for synthesizing vesicles
that match the complexity of native EVs (for example, multiple membrane proteins per

vesicle, complex lipid and/or glycan decoration) lag behind.
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Comparison of single-particle characterization methodologies

Table 1 |
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Characterization method

Single-vesicle
resolution

Difficulty
(time+skill)

Approximate lower
limit of detection
(nm)

Phenotyping

Able to be
calibrated

NTA o . 70-90 o o
RPS . . 65 None
RPS with immunofluorescence (via ~ e* o 65 ooe ese
ARC platform)

Single-particle FCM oo oo 90 eoee coee
Laser trapping Raman spectroscopy ~ e¢ eoee 90 eoed
Hybrid interferometric reflectance oo 50 .
imaging-fluorescence microscopy

SRM . ooee 20
EM eoee eoee <30 . oee

A comparison across current commercial platforms with respect to their ability to definitively resolve single vesicles, level of difficulty, lower limit
of size detection, degree of molecular information that can be measured and ability to be calibrated using appropriate reference materials. ¢, very

low; ee, low; ees, medium; eeee, high.

aLabeI—free.
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