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Abstract

Extracellular vesicles (EVs) are membranous nanovesicles secreted from living cells, shuttling 

macromolecules in intercellular communication and potentially possessing intrinsic therapeutic 

activity. Due to their stability, low immunogenicity, and inherent interaction with recipient cells, 

EVs also hold great promise as drug delivery vehicles. Indeed, they have been used to deliver 

nucleic acids, proteins, and small molecules in preclinical investigations. Furthermore, EV-based 

drugs have entered early clinical trials for cancer or neurodegenerative diseases. Despite their 

appeal as delivery vectors, however, EV-based drug delivery progress has been hampered by 

heterogeneity of sample types and methods as well as a persistent lack of standardization, 

validation, and comprehensive reporting. This review highlights specific requirements for EVs in 

drug delivery and describes the most pertinent approaches for separation and characterization. 

Despite residual uncertainties related to pharmacodynamics, pharmacokinetics, and potential off-

target effects, clinical-grade, high-potency EV drugs might be achievable through GMP-compliant 

workflows in a highly standardized environment.
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1. Introduction

The concept of medication has evolved over time, for example from unrefined plant 

materials to crude extracts of those plants to purer extracts of active ingredients to synthetic 

active ingredients to pharmaceutically optimized synthetic compounds [1]. Recent years 

have given rise to a different thread of drug development, the ‘biologics’, complex 

macromolecules bioengineered to be produced by cells [2]. Examples include peptides, 

proteins, and vaccines [3].

The complexity of biologics varies. Peptides are simple in structure compared with the novel 

category of extracellular vesicle (EV)-based drugs, a type of biologic of unparalleled 

complexity. In this sense, EV-based drugs might be said to share more in common with the 

earlier, less purified botanically-based drugs described above. EVs are lipid bilayer-enclosed 

vesicles secreted by all or virtually all cell types [4]. Several types of EVs have been 

described, varying both in how they are produced by the cell (their ‘biogenesis’) and their 

typical size (Figure 1). EVs have the capacity to participate in intercellular signaling, 

shuttling molecules from their cell of origin (‘donor cell’) to a recipient cell, affecting the 

phenotype of that recipient cell [5]. EVs’ exterior surface exhibits proteins that can serve to 

interact specifically with proteins on recipient cells, allowing a degree of specificity in their 

interactions with recipient cells.

EVs could be loaded with a drug (e.g., a small interfering RNA (siRNA) or small molecule 

or other type of drug) in one of two ways [6]. It is possible to load EVs with a drug after the 

EVs have been separated from non-EV impurities such as soluble proteins. This approach is 
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called exogenous (or post-separation) loading. Alternatively, one can incubate cells with the 

drug, resulting in the production of EVs already containing the drug, an approach known as 

endogenous (or pre-separation) loading. For some drug categories including peptides and 

RNAs, genetically engineering producer cells to produce and subsequently encapsulate 

therapeutic molecules is another endogenous loading approach.

The advantages of EV-based drug delivery systems (DDS) are largely theoretical at this time, 

but are potentially powerful if they can be realized (Figure 2). The key theoretical 

advantages are enhanced in vivo stability of oral peptides and proteins or RNA enclosed in 

lipid carriers, EVs’ low hepatotoxicity and immunogenicity, and the possibility of 

‘addressing’ the cargo of the EV to target recipient cells expressing certain surface receptors 

[6-8]. It is also possible that the beneficial biological effects of EVs extend beyond those of 

the delivered drug, although this is currently a speculative hypothetical proposition [9]. 

Whether the low oral bioavailability and poor epithelial penetration of peptide and protein 

drugs will be overcome by EV-based delivery also remains to be seen [7]. To the extent that 

EVs might be a newly-appreciated endogenous endocrine signaling system, their use in drug 

delivery could be of the greatest importance.

Nonetheless, achieving these advantages will be non-trivial. Loading EVs with microRNAs 

for drug delivery has technical pitfalls [10]. An EV has an unknown but potentially large 

number of different proteins on its surface, presenting opportunities for interaction with cells 

other than the intended target cell type. Even as the complexity of EV-based drugs could 

enhance their beneficial effects, it could also contribute to adverse effects. What happens to 

EV cargo inside cells that endocytose the EV is poorly understood [11, 12]. Moreover, the 

general understanding of the absorption, distribution, metabolism, and excretion of EVs-

based drugs is in its infancy.

Despite these challenges, progress is being made, and EV-based drugs have begun early 

clinical trials [13]. The optimization of drug delivery will be essential for EV-based drugs to 

achieve their envisioned potential. This review focuses on the special opportunities -- and 

challenges -- EV-based drugs present for drug delivery.

2. Separation of EVs for drug delivery applications

Before an EV-based drug can be delivered, its EV carrier must be separated in sufficient 

quantity for administration. In general terms, separation refers to the process of extracting 

EVs from their original matrix, which might be a biofluid or a solid tissue. The past decade 

brought about a wide array of commercially available and homebrew methods to separate 

EVs from different sources. While all these and older methods have their strengths and 

weaknesses, some of them seem uniquely suited for drug delivery applications and will be 

discussed in detail in this section.

2.1 EV separation methods and their limitations

Irrespective of the specific clinical context in which therapeutic EVs are to be used, it is 

crucial to establish optimal source material and production systems. As EVs from a wide 

variety of sources have been previously studied for therapeutic purposes in preclinical 
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models including for drug delivery, upstream parameters such as source material, culture 

conditions, and pre-processing will vary accordingly. For instance, EVs could be sourced 

from plants, milk, and even bacteria, or harvested from conditioned cell culture supernatant 

[14-17]. For the latter, mesenchymal stem cells (MSCs) are a commonly used production 

system, but other cells including red blood cells, dendritic cells, macrophages and tumor 

cells have been used as well [18-21]. Some of the culture conditions to be rigorously tested 

and optimized include type of culture (two-dimensional vs. three-dimensional, adherent vs. 

suspension), cell density, type and volume of media, essential and beneficial additives, as 

well as potential stressors (hypoxia, low pH) to trigger EV release, all of which might, 

however, alter the molecular makeup of secreted vesicles [22-28]. Obviously, any suitable 

EV-DDS production system should be highly scalable without altering relevant 

characteristics of producer cells and needs to meet regulatory guidelines for clinical-grade 

production. As these important considerations are beyond the scope of this manuscript, we 

will focus on the separation process, assuming that EV production has been properly 

optimized.

Despite a multitude of available options and some controversy in the EV separation 

literature, there is little doubt about one conclusion: there is no single best method to be 

used. Each method has its limitations, and selecting the most appropriate choice for a 

specific purpose, e.g. separating therapeutic EVs from a defined cell type grown under 

defined conditions, demands matching these limitations against the requirements of the 

sample type and application at hand. Some of the most important parameters that differ 

between separation methods include throughput, cost, ease of use, requirements in time and 

instrumentation, gentleness, vesicle loss during separation, and purity of the final 

preparation. Commonly used methods target the general physicochemical characteristics of 

EVs (i.e. size, density, charge) or focus on specific properties (e.g. expression of a surface 

marker). Depending on the respective separation principle, methods might thus be rather 

non-specific, enriching a broad range of EVs and, potentially, non-EV material, or highly 

specific, separating only defined vesicle populations. A useful framework to think about 

separation methods has been introduced by the 2018 Minimal Information for Studies of 

Extracellular Vesicles (MISEV2018) guidelines, which suggest arranging each method on a 

‘recovery vs. specificity’ grid [29]. Each quadrant of this grid (e.g. high recovery, low 

specificity) describes procedures’ efficiency of recovering extracellular material as well as 

their ability to separate EVs to the exclusion of non-EV impurities. Note that the ‘high 

recovery, high specificity’ quadrant remains unpopulated since highly specific separation of 

pure vesicles without sacrificing recovery to some extent is not yet feasible using present-

day methods; nor is it necessarily a requirement for all purposes. Applicable to the 

manufacturing of all biopharmaceuticals, ‘The Process is the Product’ is particularly true for 

EVs due to the heterogeneity of vesicle populations and the variety of available separation 

methods. By selecting highly scalable separation methods early on, changes in prematurely 

optimized small-scale methods -- and thus the resulting vesicle product -- can be avoided. 

For therapeutic EVs and EVs to be used for drug delivery, it might be extremely challenging 

to fully characterize the final product in order to establish its potency and its mechanism(s) 

of action. Because the production and separation procedures and the properties of the 

resulting product are inextricably connected, it is crucial to rigorously characterize, 
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standardize, and document the entire process and to execute each step accordingly to ensure 

minimal batch-to-batch variability [30]. In a young field that struggles with seemingly basic 

issues, such as vesicle nomenclature, and still lacks rigorously standardized workflows 

spanning from sample collection to analytical output, using EVs therapeutically is among 

the EV field’s most aspirational goals [31, 32]. With sections of the EV community already 

striving towards expertly calibrated instruments and standardized analytics, developing best 

practices is one of the most pressing and well-recognized needs [33-35]. While studies on 

the most basic and least glamorous aspects of EV methodology, including repeatability, 

reproducibility, and operator-dependent biases, are still scarce, initial reports demonstrate 

non-trivial qualitative and quantitative effects of method differences on final analytical 

results [36, 37].

2.2 Separating the most relevant EV populations

Separating EVs to be used as DDS poses specific requirements compared to other 

downstream uses, particularly those outside of clinical settings. Most importantly, a suitable 

separation procedure needs to capture those EVs that are therapeutically relevant. As 

discussed above, EVs are heterogeneous in their biogenesis, size, and composition, even the 

EVs derived from a single cell type [38]. It is thus conceivable, if not likely, that not all 

vesicles in a preparation are equally suited for drug delivery. Some of the most relevant 

characteristics that might differ between vesicle types include their half-life in circulation vs. 

clearance rate, uptake in tissues of interest, and suitability for effective drug loading and 

delivery. To assess potential differences in drug delivery, Saari and coworkers loaded distinct 

populations of vesicles pelleted at 20,000 x g (20k EVs) or 110,000 x g (110k EVs) with 

paclitaxel and tracked their uptake in prostate cancer cells using fluorescence lifetime 

imaging microscopy (FLIM) [39]. Despite highly similar size distributions, uptake 

mechanisms and drug release profiles differed between the preparations, with 110k EVs 

delivering their payload mostly via endocytosis and 20k EVs employing both endocytosis 

and fusion with the plasma membrane of recipient cells. For endogenous loading, larger EVs 

might contain more of the respective therapeutic agent but still be inferior to smaller vesicles 

if the latter display more favorable biodistribution and pharmacokinetics or higher efficiency 

of cargo delivery. As the requirements regarding target tissue, minimal exposure time or the 

need to load large quantities of a therapeutic molecule differ for different applications, so 

might the characteristics of a vesicle that optimally meets these requirements, thus 

highlighting the importance of selecting a separation strategy that captures these vesicles, 

potentially to the exclusion of other types.

2.3 Separation methods need to preserve EV integrity and activity

While various applications might call for prioritizing different characteristics when selecting 

the most appropriate vesicles, a common requirement is that their structure, membrane 

topology, and biological activity remain unaltered after separation. Suitable methods should 

thus neither alter or damage vesicles nor introduce exogenous material that might interfere 

with their surface functionality. These requirements favor gentle separation methods and 

most likely disqualify those that utilize high mechanical forces, harsh reagents, or chemicals 

that cannot be removed in subsequent purification steps. Ultracentrifugation, for instance, 

which remains the most commonly used EV separation method in non-clinical settings, has 
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been shown to damage vesicles and lead to aggregation due to high mechanical forces [40, 

41]. Crucially, these changes in biophysical properties have been linked to reduced 

biological activity, while gentler methods preserve the functionality of the EVs after 

separation [42, 43].

2.4 Separation methods should not introduce exogenous material

Similarly, separation methods for EVs that are to be used as DDS ought not introduce 

exogenous reagents that end up as impurities in the final vesicle preparation. Should such 

separation reagents be impossible or extremely costly to remove, care must be taken that 

they do not interfere with the biological activity of EVs or have unwanted biological effects 

of their own. Enriching EVs by precipitation with polymers such as polyethylene glycol 

(PEG), for instance, inevitably leads to polymer remnants in EV preparations, which can 

interfere with downstream characterization and functionality of vesicles [44, 45]. What’s 

more, preparations derived from precipitation were shown to have lower biological activity 

than those separated by density gradients, which might be due to masking of important EV 

surface molecules by residual precipitation reagents [46]. When introducing an additional 

purification step such as washing by ultracentrifugation, however, residual PEG can be 

reduced significantly [47]. Another method that might lead to separation-related reagent 

impurities is density gradient centrifugation (DGC). This approach is very effective at 

separating EVs from non-EV material by flotation or centrifugation into gradients made of, 

for instance, sucrose or iodixanol and concentrates vesicles in a discrete density band [48, 

49]. However, since high concentrations of these chemicals are required to achieve sufficient 

separation, some residual material could end up in the final EV preparations. After 

extraction of individual density fractions, size-exclusion chromatography (SEC) is an 

effective method to remove gradient material, as demonstrated for recombinant adenovirus 

particles as well as EVs purified by iodixanol or iohexol gradient centrifugation [50-52]. In 

addition to the activity of vesicles themselves, none of the relevant properties of an EV 

formulation to be used for drug delivery, e.g. clearance from the bloodstream, partitioning 

between different tissues, should be altered by the EV separation method. Likewise, any 

modifications made to any step of the production and purification process need to prompt 

rigorous validation experiments to confirm constant product properties.

2.5 EV purity for drug delivery: where to draw the line?

As discussed in section 2.1 within the framework of a ‘recovery vs. specificity’ grid, another 

separation method-dependent feature of EV preparations is their purity. Although there tends 

to be some intuition for the concept of EV purity, consensus definitions and quality metrics 

remain to be established. A useful way to define a high-purity EV separation method is its 

ability to minimize capturing non-EV material, while preferably being highly effective at 

capturing EVs. Compared to the source material, preparations derived from such a method 

would thus be enriched in EVs but depleted of non-EV components such as soluble protein. 

Measuring multiple different characteristics of EV preparations and calculating their relative 

proportions has been suggested to assess overall purity and define subpopulations. To this 

end, protein-to-lipid ratios, RNA-to-particle ratios, and particle-to-protein ratios have been 

successfully implemented [53-55]. The latter of these approaches is particularly commonly 

used because impure preparations are expected to be characterized by non-EV protein, 

Buschmann et al. Page 6

Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reducing their particle-to-protein ratio. With the caveat that such ratios might be specific to a 

given biofluid or type of EV producer cell and could depend heavily on the respective 

separation method, they are still useful to assess batch-to-batch purity in a defined 

production system. Based on these suggested criteria, it has been clearly demonstrated that 

distinct separation principles differ in their propensity to co-separate non-EV material and 

thus produce EV preparations of substantially different purity [49, 56, 57]. Methods with 

low specificity for EVs perform particularly poorly with complex, ill-defined, and protein-

rich biofluids, which bear high risk of non-vesicular protein impurities. Still, while a degree 

of purity is certainly required for therapeutic applications, extraordinarily pure EV 

preparations are not necessarily more effective than less stringently prepared ones. Damage 

to EV components that mediate function is a consideration when using extended purification 

procedures required to achieve very high purity levels, as is loss of loosely associated factors 

that act in conjunction with EVs to drive biological effects. In fact, it was recently shown 

that functional effects attributed to MSC EVs were actually mediated by paracrine factors or 

required co-separation of non-EV material by less stringent methods to take full effect [58]. 

Through the lens of potency, a well-characterized EV preparation of lower purity might thus 

be more efficacious than a genuinely pure preparation of vesicles. This could also improve 

cost efficiency since high purity levels are usually achieved at the expense of yield, 

scalability and increasing demands on instrumentation and processing times. At the same 

time, this observation reinforces the challenges of discerning EV-specific contributions to 

efficacy -- or safety signals -- when delivering drugs using EVs.

2.6 Additional considerations when separating EVs for drug delivery

In addition to these crucial requirements, there are more factors to consider when selecting 

strategies to separate EVs for drug delivery. First of all, appropriate separation methods need 

to be compatible with the sample material at hand. Different biofluids present their own 

unique peculiarities (such as low vesicle concentration, high viscosity, high protein 

concentration) that pose challenges for EV separation. Methods that work well for one 

biofluid might thus not be ideal for a different one, and pre-processing of samples (such as 

dilution or removal of specific components) might be required. Similarly, some methods 

might require additional post-separation steps such as concentrating samples that were 

substantially diluted during separation. While these considerations are more biological in 

nature, there are also technical aspects to be considered when selecting EV separation 

methods. These include repeatability and reproducibility, which are crucial to ensure 

constant purity, concentration, and efficacy of final EV formulations. For cost-effective 

production of vesicle-based drug carriers, EV separation should also be scalable and 

automatable, allowing large volumes of biofluid to be processed without proportional 

increases in cost. While closed systems that prohibit any contact between the manufactured 

product and the room environment are certainly recommended for EV production, this might 

not be a strict requirement for EV separation itself as vesicle preparations can be sterilized 

by filtration and tested for microbial contamination post-separation.

2.7 Separation methods that might be most suitable for drug delivery

Given these complex requirements for an EV separation method that lends itself to drug 

delivery applications, it is obvious that some approaches are more suitable than others. In 
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light of the abundance of excellent method comparisons for a variety of biofluids, we will 

herein focus on those that are most promising for drug delivery [49, 56, 59]. For a brief 

overview of these methods and their advantages as well as disadvantages, see Table 1. No 

matter which method is selected, rigorous standardization and frequent quality control are 

crucial in order to ensure a reproducibly pure, stable, and potent product.

2.7.1 Tangential flow filtration—Tangential flow filtration (TFF, also called cross flow 

filtration) is a gentle, size-based fractionation method that has well-established, Good 

Manufacturing Practice (GMP)-compliant uses in purifying therapeutic proteins or virus 

particles [60, 61]. As with so-called ‘dead-end’ ultrafiltration devices, small particles and 

molecules are depleted from the starting material using a membrane with a defined average 

pore size, on which particles above the selected size cutoff are retained. In TFF 

ultrafiltration, however, the EV-containing biofluid contacts the permeable membrane in a 

tangential, rather than direct flow, allowing for easier scaling up of the filter’s surface area 

using parallel, long tubules, and reducing the risk of clogging. A recent study on cell culture 

supernatant-derived EVs demonstrated that TFF achieved higher vesicle yields and more 

effective removal of soluble proteins than separation by ultracentrifugation while also 

improving processing time [62]. Additionally, EVs separated by TFF were morphologically 

intact and demonstrated superior batch-to-batch consistency. In a report by Lee and 

coworkers, TFF was used to separate EVs from multiple liters of adipose tissue-derived 

MSC supernatant [63]. Separation was highly reproducible and effective at removing waste 

products from cell culture. Moreover, this approach yielded EVs with therapeutic effects in a 

rat model of acute kidney injury. Similarly, EV yield from TFF separation was 7-fold higher 

compared to separation by ultracentrifugation in a recent study that implemented a novel 

three-dimensional culture of umbilical cord-derived MSCs [23]. Beyond these advantages, 

EVs separated by TFF were highly effective at delivering exogenously loaded siRNA to 

neurons, thus demonstrating the preservation of biological activity throughout the separation 

process. Several groups also combined TFF-based EV concentration with an additional size-

exclusion chromatography step, thus producing highly pure and functional EVs from large 

starting volumes while minimizing separation-associated vesicle loss [64]. These features, 

combined with the potential for industrial-scale, sterile production using disposable filters 

and compliance with regulatory guidelines make TFF a highly promising method to separate 

EVs for drug delivery.

2.7.2 Ultrafiltration—Similar to TFF, dead-end ultrafiltration (often referred to simply 

as ultrafiltration, UF) separates particles by size via retention on a porous membrane. Given 

an appropriate choice of size cutoff, EVs can be separated from larger or smaller particles, 

often in sequential filtration steps with increasingly smaller pore sizes. Because UF is time-

efficient, scalable, and does not require dedicated equipment, it has become a widely used 

tool to enrich EVs or to concentrate EV suspensions from separation methods that introduce 

considerable sample dilution [41]. In contrast to TFF, UF usually employs dead-end devices, 

in which sample flow is orthogonal to the filter membrane. This setup calls for 

pressurization, centrifugal forces, or vacuum to drive sample material through the pores, 

which increases the risk of both clogging membranes and damaging the vesicles. This type 

of separation works well for spherical and rigid particles, but flexible or non-spherical 
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particles that should not pass through a particular membrane might be pushed through small 

pores by external forces. As is true of all purely size-based methods, UF is unable to 

separate EVs from similarly-sized non-vesicular particles, which is particularly problematic 

for complex biofluids with potential impurities across different size ranges (e.g. lipoprotein 

particles in blood-based biofluids). Additionally, as size cutoffs of membranes used for UF 

as well as TFF are not absolute but reflect the median cutoff across a distribution of pore 

sizes, particle separation might lack the desired resolution. Loss of sample via non-specific 

retention on filter membranes could be another downside of UF-based EV separation, 

although some types of membrane are less prone to non-specific binding than others [65]. 

Indeed, a 2017 publication by Vergauwen and coworkers highlighted the impact of 

membrane type and size cutoff, both of which can lead to substantial loss when 

concentrating EVs [51]. Still, UF can be successfully used as a standalone method or in 

combination with other EV separation methods such as ultracentrifugation or density-based 

separation [66]. Highly relevant to industrial-scale EV production, Heinemann et al. recently 

presented a sequential filtration protocol based on UF and TFF, which was used to separate 

functional vesicles from large volumes of conditioned cell culture supernatant [67]. This 

method demonstrated higher recovery and purity than separation by ultracentrifugation and 

effectively depleted soluble protein from final EV samples. Similarly, Nordin and coworkers 

combined UF with liquid chromatography (LC) to separate EVs from cell culture 

supernatant [43]. This combination resulted in improved EV yield compared to 

ultracentrifugation while also preserving biophysical properties of the resulting vesicles, 

which is crucial for therapeutic applications and drug delivery.

2.7.3 Chromatography—Column-based chromatography has been used in industry and 

academia for decades to selectively purify small molecules, proteins, polymers, or virus 

particles [68, 69]. Like many tools with long-standing use in other fields, chromatographic 

methods are now also extensively used to separate or purify EVs. Depending on the 

respective setup, researchers might use SEC, affinity chromatography or charge-based 

chromatography to purify their vesicles. Since the sample volume of many such methods is 

proportional to the bed volume of the column, pre-chromatography enrichment steps such as 

TFF or UF are commonly used to apply a more concentrated sample. Similarly, the purpose 

of chromatography in this context is separating EVs from impurities rather than enriching 

vesicles. Many methods thus lead to dilution of EVs, which might call for subsequent 

concentration steps.

2.7.3.1 Size-exclusion chromatography: Like TFF and UF, SEC is based on separation 

by particle size. Sample material is applied to a resin composed of porous beads, most 

commonly Sepharose CL-4B or Sepharose CL-2B, in an aqueous mobile phase [70, 71]. 

During migration through the stationary phase, small molecules, which are able to enter the 

pores, are retained on the column while larger particles pass by the pores and elute quickly. 

This simple separation principle is particularly useful to separate large particles such as EVs 

from free protein and has been implemented in a wide range of commercially available or 

homebrew column-based methods. SEC has been used as a one-step method or in 

combination with other methods to separate EVs from a variety of biofluids [43, 72]. In 

comparison with other separation methods, SEC is commonly found to be highly effective at 
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removing soluble protein and other small impurities, although at the cost of sample dilution 

and reduced EV yield [71, 73]. While some reports claim SEC-derived EVs to be equal in 

purity to those separated by the laborious and highly pure DGC method, it is important to 

note that SEC alone is unable to separate EVs from other EV-sized particles such as low-

density lipoproteins and chylomicrons since fractionation is strictly based on particle size 

[74]. Depending on sample concentration and column size, SEC can be used to process large 

volumes of biofluids, making it highly scalable. Additionally, separation can be 

implemented as an automated, continuous procedure with one or multiple columns, thus 

avoiding common limitations related to capacity and processing time [75]. Another 

advantage of SEC-based separation is that it does not utilize high mechanical forces or 

exogenous reagents, thus preserving the structure and biological activity of vesicles [42, 45]. 

These features, combined with a relative ease of use and low requirements for dedicated 

equipment, make SEC a very promising candidate to separate large numbers of functionally 

active vesicles.

2.7.3.2 Bind-elute chromatography: A close relative of SEC, bind-elute chromatography 

(BEC) combines the principles of size-based separation and affinity chromatography. Here, 

separation beads are characterized by an inert shell and pores functionalized with charged 

and hydrophobic ligands that bind a wide range of contaminants. Since small molecules are 

permanently trapped and not merely retained on the column, elution of EVs in one fraction, 

rather than in sequential, highly diluted fractions as in SEC, might be possible. BEC has 

been used to purify virus particles as well as EVs, proving to be a high-recovery, time-

efficient method with promising scalability [76]. Importantly, EVs separated by BEC from 

cell culture supernatant were readily taken up by recipient cells, indicating preserved 

functionality of vesicles throughout the process. Like SEC, BEC is often used in 

combination with other purification methods. Onódi and coworkers used BEC to remove 

albumin and lipoproteins from plasma EVs previously separated by iodixanol gradient 

centrifugation, and reported these impurities to be below the limit of detection albeit at the 

cost of slight vesicle loss [77]. In a large-scale separation experiment, McNamara and 

colleagues enriched EVs from hundreds of milliliters of cell culture supernatant by TFF 

prior to BEC-based purification [64]. Compared to separation by ultracentrifugation or 

precipitation, this protocol provided several hundred-fold higher vesicle yield, and resulted 

in a homogenous population of functionally active EVs with high purity. Although BEC is 

not among the most frequently used methods, several reports on its utility for EV separation, 

as well as detailed protocols were published in the past few years [78]. In an alternative to 

conventional chromatography, purification could be achieved without having to use a 

column by simply incubating sample material with BEC resin and eluting EVs by 

centrifugation once sufficient depletion of impurities via binding to the functionalized core 

has been achieved. Such an ‘inslurry’ approach was successfully used to purify virus 

particles by James and coworkers, potentially paving the way for applications in EV 

purification [79].

2.7.3.3 Ion-exchange chromatography: Unlike the chromatographic methods described 

above, ion-exchange chromatography (IEC) separates EVs using their charge, rather than 

their size. A standard method for protein and virus particle purification, IEC uses resins with 
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positively- (anion exchange) or negatively- (cation exchange) charged residues that bind 

oppositely charged molecules via non-covalent, ionic interactions [80]. Because EVs carry a 

net negative charge, they can be captured on anion exchange resins while uncharged or 

positively charged material elutes from the column without binding. Bound material is next 

released from the resin by altering the ionic strength or pH of the buffer in a gradient or one-

step elution, often followed by buffer exchange and concentration procedures. In a 

publication by Heath and colleagues, EVs were separated from 1 liter of cell culture 

supernatant by IEC, using an NaCl gradient for elution [81]. The presented method allowed 

for improved flow rates and increased vesicle purity when separating EVs secreted by 

adherent cells or cells in suspension. Although biological activity of vesicles was not 

assessed in this study, IEC was found to be a rapid one-step method for large-scale EV 

separation. Similarly, Kim and coworkers utilized IEC to separate EVs from 1.2 liters of 

MSC supernatant [82]. In these experiments, the functionality of EVs was assessed in a 

mouse model of traumatic brain injury. Indeed, EVs injected intravenously were shown to 

reduce inflammation and rescue experimentally-induced cognitive impairment, suggesting 

that their biological activity was preserved. Although highly scalable, anion exchange 

purification is a more involved method than SEC and BEC since it calls for careful 

optimization of counterions, buffer system, and elution conditions. As with most 

chromatographic methods, it is not truly specific to EVs but captures other negatively 

charged molecules such as most proteins. Additionally, uneven distribution of surface 

charges and differences in net charge between EV populations might complicate efficient 

purification.

2.7.3.4 Affinity chromatography: While IEC solely relies on overall membrane charge to 

capture vesicles, affinity chromatography targets more specific EV properties such as 

surface proteins. Following reports that heparin blocks EV uptake, heparin affinity 

chromatography, which has long been used to purify proteins or virus particles, was recently 

applied to EV separation [83]. In this approach, heparin covalently immobilized on a 

chromatography resin captures proteins with heparin binding ability while other sample 

components are washed away with the liquid phase. Reiter and colleagues successfully used 

heparin affinity chromatography to separate EVs from HEK293 cell culture supernatant with 

a preceding BEC step to deplete heparin binding proteins that would otherwise compete with 

EVs for binding sites [84]. Similarly, Balaj and coworkers combined UF and heparin affinity 

chromatography to separate EVs from cell culture supernatant and plasma [85]. High purity 

with respect to soluble protein and ready EV uptake into recipient cells were reported, 

highlighting the potential utility of affinity-based separation. Heparin affinity 

chromatography seems promisingly scalable, but there are also disadvantages for specific 

EV separation. Depending on their molecular makeup, it might not capture all EV 

populations in a biofluid while the broad binding affinity of heparin to various proteins, on 

the other hand, might lead to non-EV impurities in the final preparation. Furthermore, the 

elution conditions need to be optimized to strike a balance between efficient release and 

preserved biological activity of EVs. Additional affinity principles that could be 

implemented into a chromatographic setup include binding to annexin V, shiga toxin, or 

antibodies against common EV surface markers, although their utility for GMP-compliant 

large-scale vesicle separation remains unexplored [86, 87]. As an alternative to exploiting 
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the ability to bind endogenously expressed vesicle proteins, therapeutic EVs might be 

engineered to display an affinity tag for efficient downstream purification. Provided captured 

EVs can be released without impeding their biological activity, this approach could prove 

very promising for specific large-scale purification of engineered vesicles [88].

2.7.4 (Immuno)affinity—The principle of affinity-based EV separation is not limited to 

chromatography, but can be implemented in a variety of additional methods. 

Immunoaffinity, in which EVs are captured by antibodies immobilized on a solid surface, 

has been used for more than two decades and can be a particularly useful technique to target 

specific EV populations based on surface markers [89]. Capture antibodies are commonly 

conjugated to magnetic beads, allowing convenient retention of bound vesicles, which are 

subsequently washed and eluted or lyzed for downstream applications. Given the molecular 

heterogeneity of EV types and subpopulations, it will be challenging to establish universal 

surface markers to capture a broad range of vesicles [90]. Furthermore, capture efficiency 

depends on the density and accessibility of the respective epitope as well as the availability 

of high-affinity antibodies. Still, immunoaffinity methods can be a rapid and convenient tool 

to selectively separate engineered EVs that express a particular surface protein or affinity 

tag, and these methods tend to yield relatively pure vesicle preparations. Effective release of 

vesicles from beads, however, usually requires harsh conditions such as acidic elution 

buffers [91]. As these are likely to damage surface proteins and thereby reduce EV activity, 

immunoaffinity might not be among the most suitable separation methods for drug delivery 

applications. Additionally, low throughput, costly reagents, potential masking of 

functionally relevant epitopes by non-specific antibody binding, and restricted scalability are 

disadvantages of current methods. As affinity reagents are not limited to antibodies, novel 

approaches might be able to overcome these challenges. Membrane-sensing peptides, 

phospholipid-binding proteins, and synthetic peptides with high affinity to heat shock 

proteins have been used to successfully capture EVs from biofluids [92-94]. Furthermore, 

DNA aptamers were recently suggested as another intriguing type of affinity reagent for EV 

separation. Monovalent or multivalent aptamer constructs that bind to EV surface proteins 

with high affinity might be a valuable alternative to immunoaffinity reagents. Since EVs can 

be released nondestructively by degrading the bound aptamer or adding complementary 

sequences to change its secondary structure, it seems feasible to recover biologically 

functional vesicles, potentially paving the way for applications of EVs as DDS [95].

2.7.5 Ultracentrifugation—Differential ultracentrifugation (dUC) and variations 

thereof have been used to separate particles for decades and are still among the most 

commonly used methods in the EV field [96]. Classical protocols employ sequential 

centrifugation steps with increasing speed to deplete large and medium-sized particles based 

on their respective sedimentation rates. EVs are then pelleted from the pre-cleared 

supernatant at speeds of > 100,000 x g, typically for more than 70 minutes. While dUC is an 

effective tool to enrich EVs, it is rather unlikely to succeed as a separation method for 

therapeutic vesicles given its low throughput and lengthy run times, and propensity to co-

pellet large amounts of soluble protein [49].
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In an attempt to increase purity by adding an orthogonal separation principle, dUC is 

oftentimes followed by DGC. Here, EVs in the crude dUC pellet are subsequently further 

separated according to their densities in a gradient made of sucrose or iodixanol, among 

other possible substances [90, 97]. While separation might be achieved via top-down 

gradients or bottom-up floatation into a gradient, the common principle of partitioning EVs 

away from impurities with a different density remains. After DGC, which usually requires 

run times of at least 16 hours, specific density fractions are retrieved and re-pelleted, 

juxtaposing this method’s ability to yield exceedingly high-purity samples with its 

prohibitive demands on time and reliance on skilled operators [98]. EVs from substantial 

volumes of fluid can be enriched by dUC or other means of concentration prior to gradient 

loading, but the low throughput of DGC is unlikely to meet the scalability needs of industrial 

vesicle production.

2.7.6 Precipitation—Precipitation using synthetic water-excluding polymers such as 

PEG has been used to concentrate biological particles by altering their solubility for decades 

[99]. Here, samples are incubated with commercially available or in-house polymer 

preparations for short periods of time and particles are subsequently retrieved via low-speed 

centrifugation. Given that it is highly scalable, easy to use, affordable, and does not require 

specialized equipment, precipitation seems an appealing candidate to process large volumes 

of EV-containing biofluids. Due to its low specificity, however, it is clear that precipitation is 

merely a tool to enrich EVs rather than an effective separation method. Resulting samples 

are a crude mixture of vesicles and co-precipitated non-vesicular material including soluble 

protein and lipoprotein particles, most likely yielding EV preparations too impure for 

therapeutic applications without additional separation steps. Indeed, precipitation has been 

shown to co-enrich non-vesicular RNA from cell-free blood and led to artifactually high 

activity of EV samples due to non-specific capture of soluble paracrine factors in functional 

experiments [58, 100, 101]. Still, it seems feasible to remove both co-precipitated impurities 

and residual precipitation reagent by additional washing steps and use the resulting 

preparations in clinical settings [47, 102].

3. EV characterization: the what, why, and how

Due to the heterogeneity of EVs and the above-mentioned challenges in their separation, the 

need for a thorough characterization of EV preparations is significant. In particular, the 

development of EVs as DDS requires multiple steps of in-process quality control to achieve 

reproducibly safe and targeted therapeutics that follow GMP regulations. In the following 

section, we highlight EV characteristics that are of high relevance in studying and 

engineering vesicles for the specific purpose of drug delivery. In this context, pertinent EV 

characterization techniques will be discussed, some of which might be more suitable than 

others, depending on the attributes to be tested.

3.1 Relevance of EV characteristics in pharmacokinetics

3.1.1 Basic EV-DDS characteristics to be evaluated—Once a manufacturing 

process and EV separation method have been selected, the most important objective that 

needs to be addressed is setting a production standard, calling for a rigorous initial 
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characterization of the resulting EV preparation. Currently available methods permit 

determination of EV size, concentration, morphology, and specific cargo. These methods can 

be applied irrespective of which biofluid or cell type has been selected as starting material. 

Due to the limitations of instrument sensitivities and high sample complexity, a combination 

of multiple orthogonal techniques could be of benefit in setting a quality benchmark. This 

standard should then be reached with high batch-to-batch consistency, requiring perpetual 

quality control efforts and, ideally, independent replication of these tests in a different 

laboratory.

Depending on which drug-loading strategy (endogenous or exogenous) and which payload 

(small molecules, nucleic acids, peptides, or proteins) are chosen in the therapeutic 

approach, the separated EV preparations have to be checked for their initial composition 

before as well as after cargo loading. This step-wise checking ensures that the drug 

component of interest has been incorporated in the EVs. In parallel, the integrity of EV 

preparations must be confirmed to avoid unintended reactions in vivo, early degradation and 

the ensuing loss of potency, or untargeted drug delivery, all of which could potentially result 

in adverse reactions [35]. In this regard, the intactness of EV membranes, which was 

previously found to be important in other contexts, may be a suitable proxy for EV-DDS 

integrity [114]. Moreover, adverse effects could, in principle, be minimized by applying only 

EV preparations with a high purity. However, ideal purity, namely the sole presence of a 

desired substance or molecule, is hard to reach for EV-DDS due to the above-described 

challenges in their separation and might not always be desirable as discussed in section 2.5. 

Assessing for the presence of microbial contaminants such as endotoxins, mycoplasma and 

fungal material, which is a common cause of drug recalls, on the other hand, is mandatory 

for clinical-grade DDS manufacturing. It should also be considered that viruses, which share 

many of the physiochemical properties of EVs, could have been similarly enriched during 

EV separation, resulting in a higher risk for adverse reactions. Radiation could be used to 

manage this type of contamination, but little is known about its impact on EV functionality 

[115]. Furthermore, it might be important to assess for the absence of specific EV-shuttled 

cargo such as miR-410, the presence of which was shown to boost carcinoma cell growth 

[116]. When using tumor-derived EVs for drug delivery, consideration must also be given to 

their potential ability to transfer oncogenic or prometastatic molecules. Moreover, according 

to the MISEV2018 guidelines, it is recommended to check for both the presence of EV-

specific protein markers and the absence of potential impurities [29].

Prior to application in clinical trials, treatment doses of adequately characterized EVs need 

to be prepared and characterized. The dosage of pharmacological substances is usually 

ascertained based on single units sufficient to execute the mechanism of action. In the case 

of EV-DDS, however, it seems more reasonable to estimate an averaged drug concentration 

across all EVs and use EV numbers, total protein or lipid content, or sample volumes as the 

basis for dose-response studies. Subsequently, further experiments assessing dosing rates 

(single vs. multiple dosing), potency, and toxicity levels are needed.

3.1.2 Routes of administration and barriers to cross—Besides the potency and 

frequency of dosing, one should also consider the route of EV-DDS administration. There 

are many options from which to choose, such as intranasal, oral, subcutaneous, intradermal, 

Buschmann et al. Page 14

Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



intramuscular, and intravenous amongst others, with systemic application most likely 

requiring higher doses than local application. Any route bears different challenges that need 

to be addressed, and the loaded EVs have to be selected or engineered to withstand 

surrounding conditions that could lead to early degradation before EV-DDSs reach their 

target tissues and cells, thus resulting in low bioavailability and short half-life.

The most convenient way for patients to administer EV-DDSs would surely be orally. 

Administration of bovine milk EVs via the drinking water or oral gavage already 

demonstrated therapeutic effects on the onset of arthritis in two different mouse models, 

particularly when applied in high doses [117]. Although this suggests that EVs could 

somehow withstand the harsh gastric environment even without cocooning them in capsules 

or tablets, it is unclear which characteristics EVs must have to resist early degradation by 

digestive enzymes and low pH in the stomach, both of which could dramatically reduce 

bioavailability. However, more information on the intestinal behavior of nanoparticles and 

EVs is available. In this context, size and surface charge of nanoparticles were recently 

shown to be key factors enabling the penetration from the gastrointestinal tract to the 

circulation in mice [118]. Moreover, recent in vitro studies provided further evidence 

towards functional drug delivery via orally administered EVs with increased persistence in 

an acidic environment and intestinal mucus penetration when EVs were coated with PEG 

[119].

Another rather convenient route of administering EV-DDS would be inhalation, which was 

already examined in the context of pulmonary fibrosis [120]. Remarkably, several clinical 

trials that apply MSC-derived EVs administered via inhalation and investigate their 

therapeutic potential in respiratory disorders, including symptoms caused by SARS-CoV-2, 

are currently ongoing [121, 122] (NCT04276987). Furthermore, topical application of EVs 

also represents a very straightforward approach that has already demonstrated great success 

in wound healing experiments [120, 123]. Subcutaneous injections near a wound seem to be 

equally effective in transmitting healing properties, probably by paracrine signaling of the 

EVs’ microRNA and protein cargo, which contribute to reduced scar formation, improved 

epithelization and vascularization [124]. General characteristics that EVs should exhibit in 

these types of application are not yet known but could be discovered with ongoing research. 

For instance, a recent investigation revealed prolonged vesicle stability in the wound bed by 

linking EVs to a light-triggerable hydrogel [125].

Intranasal application seems to be promising in the treatment of brain-associated disorders 

due to the physical proximity of the nares to the brain, but systemic injections are also 

commonly applied for this purpose in preclinical models. For instance, EVs loaded with 

catalase were detected in substantial amounts in mice brains with Parkinson’s disease after 

intranasal application [126]. Similarly, mice suffering from different types of brain 

inflammation were treated with EVs loaded with curcumin or Stat3 inhibitors, both of which 

showed a protective effect, with EV size being identified as a critical factor for brain 

targeting [127]. Furthermore, siRNA-loaded EVs were shown to reach the brain within 24 

hours after intravenous administration and induced a reduction of protein aggregation in 

Parkinson’s disease [128]. These studies highlight the apparently intrinsic ability of EVs to 

cross the blood-brain-barrier (BBB), even though the underlying mechanisms are not yet 
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fully understood [129]. Surface charge, morphology, and size of EVs may play an essential 

role in BBB penetration [130], but the investigation of artificially modified EVs could 

support stronger conclusions. Moreover, specific glycoprotein expression on the surface of 

engineered small EVs enabled successful siRNA delivery to the brain by targeted receptor 

recognition at the BBB [21]. Additionally, coating the EV surface with PEG could also 

increase the likelihood of BBB penetration [130]. Interestingly, the rate at which EVs are 

able to cross the BBB appears to be higher in inflamed compared to healthy conditions 

[131]. Another route of administration for EV-DDS of potential value for life-threatening 

central nervous system disorders is intrathecal administration. For instance, both MSCs and 

EVs appeared equally effective in regenerating spinal cord injuries when applied via lumbar 

puncture in dogs [132].

The immune system might be the first barrier EVs have to get over after reaching circulation 

upon intravenous injection or any other route of administration. The mononuclear 

phagocytic system is mainly responsible for the opsonization of foreign substances, 

including therapeutic EVs, putatively leading to early clearance and confined treatment 

efficacy [133]. Therefore, the addition and control of immune-evasive properties would yield 

an advantage. EVs exhibiting CD47, the most prominent self-peptide signal, could 

counteract early clearance, thus contributing to enhanced biodistribution [134]. Similarly, 

PEGylation of EVs leads to reduced recognition by the immune system, which could 

probably be traced back to the fact that PEGylation shields nanoparticles from interactions 

with plasma proteins and thus also hampers their identification by cells corresponding to the 

reticuloendothelial system, finally leading to an enhanced circulation time [135-138]. 

Additionally, particle size and charge were also shown to be relevant since larger particles 

seem to be engulfed by macrophages more frequently, and neutrally charged particles are not 

[139].

When EVs reach their target cells, they have to cross the cell membrane as an additional 

barrier to deliver their drug cargo for intracellular functionalization. While very small and 

medium-sized EVs might enter the cell via membrane fusion and endocytosis, larger EVs 

may instead be predominantly internalized by phagocytosis [140, 141]. Various ligand-

receptor interactions are also conceivable, requiring the appropriate lipid or protein 

composition on both sides. In this regard, numerous uptake mechanisms have already been 

reviewed, including phagocytosis, macropinocytosis, membrane fusion, and differently-

mediated endocytosis (lipid-raft, calveolin, clathrin) [140]. There is more and more evidence 

that EV internalization is a highly active and energy-dependent event rather than a passive 

process, thus yielding more relevance to the endocytic pathways. However, it might be hard 

to generate a ranking of uptake mechanisms as one EV may be able to enter the cell via 

different routes rather than only one specific way [140]. The surface exposure of 

tetraspanins, integrins, and lectins appears to be particularly important in this active cellular 

EV uptake. In case EV-delivered drug cargo is not directly internalized into the cytosol via 

membrane fusion, it will most likely be enclosed in endosomes targeted for lysosomal 

degradation. In such instances in which efficacy can be demonstrated, an endolysosomal 

escape event for efficient drug release has to be assumed, as shown for cationic particles that 

were able to penetrate to the cytosol by the induction of a flip-flop mechanism [142].
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3.1.3 Characteristics determining EV-DDS distribution and clearance—The 

route of administration appears to influence EV biodistribution, with intravenously 

administered EVs mainly accumulating in liver and spleen, and intraperitoneal injection 

leading to EV enrichment in the pancreas and, to a lesser extent, in the gastro-intestinal tract 

and liver, comparable with subcutaneous EV administration [143]. Moreover, tissue 

distribution, functionality, and clearance profiles of EV-DDSs are heavily dependent on the 

surface lipid and protein composition of EVs, such as the repertoire of integrins, 

proteoglycans, and tetraspanins, as already reviewed elsewhere [140, 144]. In addition, 

Hoshino et al. revealed that tumor EVs mirror the organotropism of their secreting cells via 

their surface integrin patterns [145], emphasizing that the EV origin does indeed matter. 

Beyond the origin of EVs, their size might also be a determinant of tissue targeting. Even 

though the majority of exogenously administered EVs are directed to the liver, where they 

are mainly scavenged by macrophages [137], EVs larger than 90 nm also displayed lymph 

node tropism not observed for smaller EV [146]. Apart from the presence of CD47 on the 

EV surface and their generally high stability in colloidal liquids due to their negative charge 

[134, 147], several other modifications such as protease treatment before administration, or 

PEGylation have been found to increase overall circulation time [138, 148]. By contrast, the 

presence of phosphatidylserine can lead to enhanced clearance because this phospholipid is 

identified by macrophages as a phagocytosis signal [149].

With most EVs accumulating in the liver and rapid clearance from the circulation within 

minutes up to 24 hours [143, 150], one might assume that this could be a result of an active 

reticuloendothelial system with liver and spleen being amongst the major involved organs 

[138]. However, information on this topic as well as on general EV elimination mechanisms 

is still limited, which might be a consequence of insufficient EV-labeling capacities. Even 

though EVs have been already dye-labeled with lipophilic dyes such as DiR (1,1-

dioctadecyl-3,3,3,3-tetramethy-lindotricarbocyanine iodide) or PKH (Paul Karl Horan dye) 

to study biodistribution patterns, [137, 143], there are crucial limitations to such an 

approach, and novel labeling strategies have recently been developed. When using lipophilic 

and lipid-anchored fluorophores, the absence of free dye, dye aggregates, and 

unintentionally labeled non-EV material is crucial to interpretation of experimental results. 

This standard might be hard to meet even in apparently pure EV preparations, and 

biodistribution studies could be misinterpreted if dye aggregates are mistaken for labelled 

EVs or fluorophores are transferred from EV membranes to competing lipophilic surfaces 

such as lipoproteins [151]. Novel tools to improve biodistribution studies include 

bioluminescent, magnetic, and multimodal EV labeling and are excellently reviewed 

elsewhere [152, 153].

Although more and more information is available on EVs’ pharmacokinetics and the 

underlying characteristics of their fate in recipient organisms, many questions such as the 

potential toxicity and excretion mechanisms of EV-DDS remain unanswered. Cheng et al. 

were able to show that labeled EVs intravenously injected into rats were recovered in kidney 

tissue and urine [154], although the underlying mechanisms remain to be elucidated. The 

understanding of these factors for a standardized and safe production of highly efficient 
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DDS requires further development of EV-labeling strategies and the implementation of 

adequate characterization measurements.

3.2 Overview of techniques for in-process quality control

After having highlighted pertinent characteristics that are highly relevant in the context of 

using EVs as DDSs and should therefore be controlled rigorously, we would like to provide 

a summary of techniques that could be applied to accomplish said in-process controls with 

respect to both bulk and single-EV analyses (Figure 3). Additionally, method-specific 

advantages and disadvantages are summarized in Table 2, highlighting their utilization in 

current EV-DDS therapeutic research whenever available.

3.2.1 Imaging techniques—After separation, a first impression of general morphology 

and intactness of the native or preloaded EVs can be gathered by electron microscopy with 

resolutions down to 0.4 nm [163]. The most commonly applied strategies are scanning or 

transmission electron microscopy (SEM or TEM, respectively) and cryogenic electron 

microscopy (cryo-EM) [164-166]. Besides the need for very specialized and expensive 

instruments, which is common to all these microscopic techniques, there are differences in 

the measuring principles, leading to the generation of distinct results and requiring bespoke 

sample preparation.

SEM creates a picture of the topography of EV surfaces by capturing emitted electrons 

[167]. The sample preparation usually follows a simple protocol requiring low sample 

volumes and can include an additional sputtering with gold, for instance, to generate more 

secondary electrons for detection [168]. Unfortunately, this coating could also mask the 

EVs’ surface structure; however, the use of low-voltage SEM can make the sputtering 

dispensable [169]. Additionally, SEM only allows detection of particulate objects without 

the ability to distinguish between EVs and non-EV particles. In contrast, TEM images are 

based on the detection of electrons passing through the sample to be analyzed and thus 

provide additional information of the interior of the vesicles [170]. The results obtained by 

subsequent measurements can be strongly affected by the sample preparation procedures 

[165]. For example, it is now well-known that negative staining using uranyl acetate and 

other heavy metals tends to desiccate sample material and thus causes a cup-shaped 

appearance of vesicles. Even though cup-shaped EVs are now recognized as artifacts, this 

staining procedure is straightforward and widely accepted in the EV community as long as 

no morphologic conclusions about the vesicles are made. Carrying an increased likelihood 

of operator-dependent biases during sample preparation and image acquisition, a more 

suitable protocol conserving the bilayered vesicle morphology includes an additional 

embedding in methylcellulose [165, 171].

Cryo-EM seems to best preserve the actual morphology of hydrated vesicles, as there is no 

need for special preparation of the material prior to fixation in vitrified liquid [164]. 

Likewise, a combination of conventional TEM with cryogenic techniques, also referred to as 

freeze-fracture TEM (FF-TEM), can provide information on the 3D-topology of EVs [172]. 

However, cryo-EM and FF-TEM require accurate on-site sample preparation at ultra-low 
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temperatures by experienced users, which might not be achievable in many laboratory 

settings outside of specialized core facilities.

Atomic force microscopy (AFM), as another microscopy-based technique, is equally able to 

capture native EV structure since samples do not require any preparation or labelling. Here, 

EVs are immobilized on a solid surface prior to scanning interaction forces between the 

sample and the detector tip. Depending on the chosen surface, EVs could get flattened and 

might be detected as such, calling for careful interpretation of structural results. Moreover, 

morphological modifications can be induced by the detector tip itself when using the contact 

mode. Alternatively, the tapping mode can be applied to reduce the time and intensity of the 

tip’s contact with the sample, thereby causing less damage to the EV surface [168]. In 

addition, one can selectively analyze populations of vesicles that display a specific surface 

marker by utilizing surfaces coated with antibodies, as exemplarily shown by Yuana et al. 

[173]. Remarkably, AFM even allows for the determination of the vesicles’ stiffness [174]. 

With the requirement of even more specialized equipment and user experience, however, the 

utility of AFM in investigating EV topography appears rather restricted.

All of the mentioned practices also allow for further conclusions on EV size and the 

presence of certain proteins when combined with immunogold staining or immobilization of 

EVs on antibody-coated surfaces [173, 175]. In addition, there is a chance to identify 

impurities on the microscopic images by visual inspection, a finding which, of course, has to 

be confirmed by other techniques [56, 164]. Regardless of the method, only a minor portion 

of an EV sample can be examined via microscopy. Given the huge heterogeneity of EVs, the 

conclusions that can be drawn might only hold true for the examined portion of the EV 

preparation, thus requiring the addition of other techniques.

3.2.2 Sizing and counting techniques—More precise information on the size 

distribution as well as concentration of EVs can be obtained by other techniques such as 

tunable resistive pulse sensing (TRPS), microfluidic resistive pulse sensing (MRPS), 

nanoparticle tracking analysis (NTA), or dynamic light scattering (DLS). All of these 

methods found widespread application in EV research as they are easy to use, at least much 

easier than electron microscopy instruments, and allow for fast measurements [166, 176, 

177]. Without utilizing fluorescence staining, which is a feature of most current NTA 

devices, however, these techniques cannot differentiate between EVs and non-EV particles. 

Moreover, polydisperse and size heterogenous samples are known to produce inaccurate 

results [178].

The measurement principle of TRPS is based on an electrical current run across a pore and 

the resistance pulses that are caused by particles passing through and thereby blocking this 

pore [179]. The higher the blockage magnitude, the higher the particle volume and thus the 

larger its size. By measuring the frequency with which the pore is blocked, one can 

furthermore make conclusions about the particle concentration. Even the surface charge, 

which is also called zeta potential -- discussed as a measure of colloidal stability and 

intactness of vesicles [147] -- can be measured based on the blockage duration. However, 

depending on the chosen nanopore, the minimum detectable particle size is around 40 nm 

[180]. The maximum detectable size is also limited by the chosen nanopore, as it can only 
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be crossed by particles smaller than its diameter, while larger particles can lead to clogging 

[181]. It bears mention that the pore can be blocked by any particle crossing it, be it an EV 

or any other particle. The principle of MRPS is quite similar, but relies on a microfluidic 

environment of just a few microliters of sample in which resistance signals are generated by 

particles passing a nanoscale constriction and thereby causing a shift in voltage [182]. In 

contrast to TRPS, MRPS is not able to determine a particle’s zeta potential; however, sizes 

down to 46 nm can be measured easily. Moreover, both TRPS and MRPS allow the detection 

of distinctly sized vesicle populations present in the sample, making them superior to DLS 

and NTA, which, by contrast, provide lower resolution and might only indicate one size peak 

with broader size distributions [177, 183].

The underlying theory of both DLS and NTA is based on the Stokes-Einstein equation, 

which describes the Brownian motion of particles in solution. In practice, these techniques 

make use of the light scattering properties of hydrodynamic particles and the calculable 

relationship between particle size and the speed of its movement at a given temperature. 

DLS analyzes the intensity fluctuations of light scattered by moving particles, which leads to 

an averaged size distribution even down to 10 nm [183]. However, one only gets information 

on the size distribution pattern of a bulk EV sample, while there is no reliable information 

on concentration, as DLS is not able to monitor single vesicles. In NTA, by contrast, the 

displacement of single particles over time is tracked by analyzing their light scattering 

patterns with a detection limit around 40 to 50 nm, although the measuring sensitivity 

considerably decreases below ~ 70 nm [176, 184]. Though single particles are tracked, their 

movement trajectory in and out of focus may lead to uncertainties when calculating their 

sizes, resulting in skewed overall size distributions that might appear broader than expected 

based on the actual particle sizes. Nevertheless, and in contrast to DLS, NTA has the great 

advantage of also measuring the particle concentration, which calls for adequate sample 

dilution prior to measurement, and surface charge, which could give additional and 

important information on the vesicle integrity [147]. Of note, non-vesicular structures (such 

as nanobubbles, lipoproteins, or protein aggregates) also scatter light. Hence, both DLS and 

NTA measurements are not specific for EVs per se and tend to overestimate vesicle 

concentrations. NTA in particular is so widely used to characterize EVs that some details are 

worth discussing. Many NTA devices allow the analysis of vesicles labeled with 

fluorescence dyes, which could increase the specificity for vesicle measurement 

significantly. This specificity largely depends on the chosen dye, which thus has to be 

comprehensively evaluated for its stability and specificity before starting any experiment 

[151]. Fluorophores are often coupled to antibodies recognizing EV-specific surface 

proteins. By that approach, the measurement might become more accurate; however, only a 

subset of EVs will be investigated, as no surface protein that is expressed on every EV has 

been identified yet [90]. It is therefore very important to report in detail the antibodies used 

as well as the dyes to assure reproducibility.

One issue that should be considered when applying light scattering for size determination is 

the fact that larger particles scatter more light and, when present in polydisperse suspensions 

even in low abundance, can thereby cover the less intense scattering of smaller particles, 

leading to a shift in detected size ranges towards larger diameters [183]. This phenomenon is 

particularly problematic in DLS measurements where large particles dominate scattered light 
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fluctuations and thus inordinately elevate the average diameter, whereas the possibility to 

track single particles in NTA measurements reduces the overall effect of a few large particles 

that are present in the suspension and scatter light more strongly [178]. One solution to this 

problem could be separating EVs prior to analysis in order to generate sequential 

monodisperse fractions. Asymmetric-flow field-flow fractionation (AF4) is a gentle, flow-

based method for high-resolution separation of particles in solution that has also been used 

to separate and characterize EV populations and other extracellular particles [146, 185]. 

When coupled to in-line multi-angle light scattering (MALS) and DLS detectors, AF4-

MALS-DLS is a powerful setup to characterize EVs in various settings including drug 

delivery. A routine tool to extensively characterize the physical properties, stability, and 

loading efficiency of liposomes and other nanopharmaceuticals liposomal drug carriers, 

AF4-MALS-DLS could be extremely useful in the early phases of EV-DDS development as 

well as for batch-to-batch quality control during production [186-188].

While the general biases of light scattering methods might pose an obstacle in an initial size 

and concentration assessment intended to set quality standards for separated, loaded, or 

engineered EVs, the combination with other techniques that are not based on scattered light 

could circumvent this limitation. Furthermore, once appropriate quality standards are set 

using orthogonal methods, it might be the case that a single approach is sufficient to ensure 

batch-to-batch reproducibility.

3.2.3 Phenotyping techniques—Besides counting and sizing, one might also be 

interested in evaluating the presence or absence of specific features that determine an EV’s 

phenotype and might be of particular importance for EV targeting capabilities, for instance. 

Appropriate instruments that are able to examine single particles in high resolution are often 

highly specialized and require skilled operators. For a general and initial sample 

characterization, bulk analyses such as bead-based systems or standard blotting procedures 

might be sufficient and can be conducted in a fast and easy way. In most cases, a 

combination of different phenotyping techniques is advisable to take advantage of each 

method’s unique strengths and thereby generate reliable data.

Flow cytometry (FCM) is a powerful tool for EV characterization aimed at enumeration and 

size determination, but with additional phenotypic information. The flow cytometer detects 

particles that scatter light after being illuminated by a laser, but both the accuracy and 

validity of any (semi-)quantitative conclusions are highly dependent on the chosen 

instrumentation and measurement settings [189]. As a consequence, a general reporting 

checklist was generated to avoid artifacts and misleading data interpretation of flow 

cytometric EV experiments [34]. Conventional FCM possesses a lower detection limit 

around 300 nm [190], which is not suitable for measuring small EVs. Thus, the single-EV 

analysis in principle enabled by FCM would only be possible for larger EVs. With the 

refractory index of EVs being very low and therefore close to that of most fluids, their 

discrimination from the background scattering signal might also be challenging when not 

using fluorescent labeling [190]. Furthermore, the resolution of individual particles could be 

difficult if input concentrations are too high, resulting in a phenomenon called swarm effect 

[190]. At the same time, clusters of too-small EVs could be detected as a single large EV. To 

enable single-EV analysis though, the use of wide-angle forward scatter detection and/or 
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fluorescence can be applied [191]. Of note, using fluorescent dyes requires proper removal 

of excess or aggregated dye, with DGC appearing to perform adequately for this purpose, 

while the sole use of ultracentrifugation was not efficient [191]. Even though the 

measurement of fluorescently labeled vesicles allows for phenotyping, only the subset of 

total vesicles that exposes the characteristic of interest will be investigated, while unlabeled 

vesicles are disregarded. The same caveat applies to multiplexed analyses with vesicles 

usually coupled to magnetic beads by immunoaffinity, which indeed increases the number of 

characteristics examined in parallel, but would still miss an unknown proportion of vesicles 

[192]. Furthermore, the potential formation of aggregates and bead conjugates could 

introduce challenges for correct sizing and single-EV counting.

Given the heterogeneity of EVs and the limitations of established methods that assess 

vesicles in bulk, such as bead-based FCM, the implementation of new EV characterization 

technologies is increasingly focused on single-particle analysis. Nanoflow cytometry 

measurement (NFCM or NanoFCM), which can be performed with and without fluorescent 

EV labeling, is closely related to FCM and is likewise used for sizing, counting, and 

phenotyping [57]. By the use of a smaller flow channel and lower pressure, the particles’ 

dwell time in the fully illuminated sample stream is improved. According to Tian et al., 

single-EV sizing down to 40 nm was possible [193].

Furthermore, imaging flow cytometry (IFCM) combines the specifications of FCM with 

subsequent multispectral microscopic imaging [194]. By applying fluorescently labeled 

EVs, Gorgens et al. have shown that IFCM is able to detect single EVs smaller than 200 nm. 

Moreover, antibody staining of EVs allows the investigation of co-expressed markers as well 

as distinct subpopulations in a quantitative manner. However, the use of appropriate controls 

and titration experiments is crucial to assure the robust detection of sample-specific signals. 

Single-particle interferometric reflectance imaging sensing (SP-IRIS) is a dedicated single-

particle characterization platform [195]. Biological particles, such as EVs, are usually 

immunocaptured on a surface and the interference of light reflected from the surface and the 

molecules is recorded for sizing and counting. With the adapted fluorescence mode, one can 

currently phenotype up to four surface antigens. However, while differently sized 

subpopulations within one given sample can be easily distinguished, the absolute 

concentration can only be estimated, as the vesicles to be measured will be preselected by 

the antibodies chosen for immunoaffinity-based immobilization on the surface [177]. In the 

future, simultaneous profiling of internal vesicle molecules will be possible after vesicle 

fixation and permeabilization [177].

The presence of individual proteins, be they membrane-associated or intra-vesicular, is most 

often ascertained by proteomic bulk analyses such as immunoblotting (IB) with western 

blotting being arguably the most applied [166]. This is a quick and rather simple method to 

detect multiple antigens in parallel, but only in a semi-quantitative manner and usually with 

high sample volumes required. IB does not discriminate between vesicular and non-vesicular 

antigens but visualizes the total presence of individual proteins in a bulk sample. EV 

preparations should therefore already be in a highly pure condition, and the inclusion of 

appropriate controls has to be ensured because the presence of putative impurities as well as 

non-EV associated proteins could affect the outcome. The MISEV 2018 guidelines list 
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markers thought to be associated with EVs and other proteins considered to be frequently-

occurring impurities, the latter useful when assessing purity. For example, albumin in blood 

samples and uromodulin in urine are expected impurities [29].

By applying immunosorbent assays (ISA) or standard enzyme-linked immunosorbent assays 

(ELISA), EVs can be captured on an antibody-coated surface enabling the enrichment of 

specific EV subpopulations and even the possibility of multiplexing and simple upscaling to 

96-well format assays [196]. Further, the possibility to conduct additional washing steps 

could decrease the presence of undesired proteins, thus, leading to low interference during 

analyses. Meanwhile, various new detection variants have been developed, and many 

commercial kits are already available [197]. Additionally, research on artificial vesicles as 

potential standard material is commenced [198]. Nevertheless, both IB and ISA require a 

restricted number of proteins to be preselected prior to phenotyping.

3.2.4 Total cargo profiling techniques—Another and very different approach to 

conduct in-process controls of EV preparations is to screen their entire molecular 

composition. Depending on what small molecules are of special interest in the respective 

therapeutic question, either proteomic, lipidomic, genomic analyses, or a combination 

thereof might be performed using already well-established techniques including mass 

spectrometry (MS), LC, and next-generation sequencing (NGS). However, all of these 

analyze vesicular cargo and potential sample impurities alike, which demands appropriate 

upstream EV separation steps.

Total protein amounts can be measured by fluorometric or colorimetric methods, such as the 

bicinchonic acid or Bradford assay, and are usually used for downstream normalization 

purposes and to assess sample purity [29, 53], as described in section 2.5. Beyond IB, MS 

allows the large-scale and high-throughput bulk analysis of proteins previously digested into 

peptides and has found great use in EV proteomics, as reviewed by Pocsfalvi et al. [199]. 

Apart from being less sensitive than antibody-based strategies, MS has the limitation of 

assessing only the average protein distribution of an EV preparation. While the overall 

proteomic pattern is of great interest in postulating functional networks, its relevance in 

pharmacokinetics might be limited, since respective markers should be equally distributed 

on all EVs in a stoichiometric manner.

In combination with liquid chromatography (LC-MS) or as a tandem method (MS/MS), MS 

is also increasingly applied for EV lipidomics, even though reproducibility of results might 

only be achieved rarely and needs further optimization [200]. So far, little is known about 

the lipid composition of EVs, but it has already been demonstrated that different EV 

fractions separated based on their buoyancy are enriched in some lipid classes, such as 

ceramides or phospholipids [200]. The fact that different EV subpopulations expose different 

sets of lipids was also shown by Osteikoetxea et al. [55]. Moreover, they introduced the total 

protein to lipid ratio as an additional parameter in EV quality control and normalization, 

applying a colorimetric sulfophosphovanilin assay to quantify total lipid content.

The total nucleic acid cargo of EVs is composed of DNA and RNA with various types of 

RNA, especially non-coding, being predominantly present [201]. Protease-nuclease 
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treatment of EV preparations is highly recommended when definite assignment of nucleic 

acids to the EV lumen is of interest [202]. After EV lysis and nucleic acid isolation, 

typically performed by phenol-chloroform phase separation in combination with subsequent 

solid phase extraction [203], bulk DNA and/or RNA distribution and concentration can be 

accessed by capillary gel electrophoresis or instruments whose detection principle is based 

on UV-absorbance [202]. However, the latter systems might be less suitable, since nucleic 

acid concentrations in EVs are usually very low, falling below the detection limit of most 

UV-absorbance instruments. While quantitative PCR (qPCR) allows for the relative and 

absolute quantification of preselected target sequences, which could be of relevance in 

assessing overall loading success, NGS represents an un-targeted approach, enabling the 

comprehensive characterization of bulk nucleic acids present in EV preparations [56, 204].

4. Conclusions

Despite tremendous progress on methods to separate and characterize EVs as well as 

knowledge of EV biology and the existence of potential clinical applications, many open 

questions about potential EV-based DDSs remain. Are autologous or allogeneic source 

materials to be preferred? Is removal of endogenous EV cargo prior to loading feasible and, 

if so, beneficial? What are the most suitable methods to process source materials and to 

separate, characterize, and load their vesicles? As discussed above, EVs are highly 

heterogeneous and it is likely that disparate populations differ in their drug loading ability, 

stability, half-life, biodistribution patterns, and efficiency of intracellular payload delivery. 

Settling on the optimal constellation of source material and most suitable EV type for 

delivering a particular drug against a particular disease might therefore require a 

compromise in which the most important of these factors will be prioritized. For instance, 

EVs that very effectively release their cargo into the cytosol of recipient cells but are cleared 

from the circulation quickly might be superior to vesicles with longer half-life but poor 

intracellular delivery. The optimal delivery vector may well vary depending on the intended 

target tissue and properties of the respective drug molecule, making a generic one-size-fits-

all solution unlikely. Once these issues have been addressed, additional technical questions 

including formulation, stability, storage conditions, choice of suitably inert plasticware and 

storage vials and buffers, as well as route of administration need to be answered. The notion 

of standardization as a prerequisite for effectively developing and translating EV-based 

drugs thus extends beyond mere separation and characterization. Promising investigations on 

the stability of EVs during storage and the impact of different storage buffers and additives, 

as well as a growing appreciation of the importance of inter-laboratory, multi-site method 

benchmarking, are therefore important parts of an interdisciplinary effort towards 

manufacturing a reproducibly stable and effective product [10, 205, 206].

The field of EVs and drug delivery abounds with enthusiasm and optimism, which might be 

warranted, but needs to be met with a healthy degree of caution. While we await a critical 

mass of safety data on the administration of EVs -- and, someday, EV-DDS -- in clinical 

trials, there are still many challenges on the road to approval of novel EV-based 

nanomedicines [13, 35]. Chief among them is the relatively short half-life of injected 

vesicles, with many studies reporting rapid clearance, often within less than 30 minutes 

[136, 137, 207]. Additionally, prospective EV therapeutics may have to compete with 
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established drug carriers including synthetic nanoparticles used in applications such as 

mRNA COVID-19 vaccines, and head-to-head comparisons will be important [208]. It is 

clear that to overcome these challenges, each step along the process of producing any EV 

therapeutic, from source material to administration, needs to be carefully selected and 

optimized. Without rigorous quality control and standardization, the potential of EV-based 

drug delivery is bound to remain unrealized.

Given the unique properties of EVs and the limitations of characterization techniques as 

discussed in section 3.2, suitable reference materials to calibrate instruments and validate 

EV assays would be extremely valuable [194]. However, an agreed-upon vesicle standard or 

vesicle mimetic with a defined, traceable size, concentration, and composition that closely 

reflects the most important EV properties remains to be established. Conventional reference 

materials for instrument calibration are of limited utility because some of their 

characteristics including their refractive index are too different from those of biological 

particles. Even liposomes, which have been suggested as reference particles for EV 

measurements but lack the complexity, surface markers, and luminal cargo of EVs, are not 

an ideal solution to this problem [209]. Geeurickx and coworkers recently developed 

recombinant EVs with defined properties and traceable markers as a promising alternative to 

fully synthetic reference particles and provided detailed protocols for their production and 

use as reference materials in EV assays [210, 211]. Although of great importance, the 

development and in-depth characterization of suitable reference materials are cumbersome 

and challenging, as excellently reviewed elsewhere [212].

To summarize, EVs harbor great potential as vehicles to deliver drugs to specific tissues. 

Despite tremendous advances, the field still seems to be in its infancy with crucial questions, 

particularly about safety, biodistribution, and optimal routes of administration, only partially 

answered. Propelled by enthusiasm about promising translational applications as well as 

lessons learned from the liposome and nanomedicine field, EV-DDS have quickly moved 

into early clinical trials. In order to succeed on a broad scale, though, critical challenges 

related to EV production, separation, loading, administration, and pharmacokinetics need to 

be overcome. As a result, improved methods and devices are under development and an 

increasing number of partnerships between academic institutes and biopharmaceutical 

companies is formed to move therapeutic EVs from bench to bedside. Close collaboration 

with metrology institutes such as the US National Institute of Standards and Technology 

(NIST) will foster development and utilization of reference materials to adequately calibrate 

instruments and optimize separation methods. Additionally, a better dialogue between the 

EV, nanomedicine, and drug delivery communities as well as regulatory bodies is called for 

in order to develop tailored methods and to advance clinical applications. Despite current 

and prospective challenges as well as a still incomplete understanding of the biology and 

pharmacological properties of EVs, we foresee a bright future for EVs in drug delivery.
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Abbreviations

AFM atomic force microscopy

BBB blood-brain-barrier

BEC bind-elute chromatography

cryo-EM cryogenic electron microscopy

DDS drug delivery system

DGC density gradient centrifugation

DLS dynamic light scattering

dUC differential ultracentrifugation

ELISA enzyme-linked immunosorbent assay

ER endoplasmic reticulum

EV extracellular vesicle

FCM flow cytometry

FF-TEM freeze-fracture transmission electron microscopy

FLIM fluorescence lifetime imaging microscopy

GMP Good Manufacturing Practice

IB immunoblotting

IEC ion-exchange chromatography

IFCM imaging flow cytometry

ILV intraluminal vesicle

ISA immunosorbent assay

LC liquid chromatography

LC-MS liquid chromatography mass spectrometry

MISEV Minimal Information for Studies of Extracellular Vesicles

MRPS microfluidic resistive pulse sensing

MS mass spectrometry

MS/MS tandem mass spectrometry

MSC mesenchymal stem cell

MVB multivesicular body
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NFCM nanoflow cytometry

NGS next-generation sequencing

NIST National Institute of Standards and Technology

NTA nanoparticle tracking analysis

PEG polyethylene glycol

qPCR quantitative polymerase chain reaction

SEC size-exclusion chromatography

SEM scanning electron microscopy

siRNA small interfering RNA

SP-IRIS single-particle interferometric reflectance imaging sensing

TEM transmission electron microscopy

TFF tangential flow filtration

TRPS tunable resistive pulse sensing

UF ultrafiltration
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Extracellular vesicles are biological nanoparticles suitable for drug delivery.

Separation and characterization of extracellular vesicles are crucial but challenging.

Current methods are differentially suited for industrial-scale vesicle manufacturing.

Combining standardized separation and characterization methods may be expedient.

Reference materials and active collaboration will accelerate clinical translation.
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Figure 1. 
Schematic representation of the biogenesis of exosomes, microvesicles, and apoptotic 

bodies. Exosomes are produced as intraluminal vesicles (ILV) by inward budding of early 

endosomes, forming a multivesicular body (MVB). MVBs can either fuse with lysosomes or 

with the cell membrane, thereby releasing exosomes into the extracellular milieu. 

Microvesicles are generated by outward budding of the plasma membrane, while apoptotic 

bodies are released during programmed cell death via plasma membrane blebbing. ER: 

endoplasmic reticulum. This figure as well as the graphical abstract were created using 

Servier Medical Art templates, which are licensed under a Creative Commons Attribution 

3.0 Unported License; www.https://smart.servier.com.
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Figure 2. 
Advantageous features of EVs that can be exploited for drug delivery purposes.
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Figure 3. 
Overview of EV characterization techniques and their capabilities. AFM: atomic force 

microscopy, cryo-EM: cryogenic electron microscopy; DLS: dynamic light scattering, 

ELISA: enzyme-linked immunosorbent assay, FCM: flow cytometry; IB: immunoblotting; 

IFCM: imaging flow cytometry; LC-MS: liquid chromatography mass spectrometry; MRPS: 

microfluidic resistive pulse sensing; MS: mass spectrometry; MS/MS: tandem mass 

spectrometry; NFCM: nanoflow cytometry; NGS: next-generation sequencing; NTA: 

nanoparticle tracking analysis; qPCR: quantitative polymerase chain reaction; SEM: 

scanning electron microscopy; SP-IRIS: Single-particle interferometric reflectance imaging 

sensing; TEM: transmission electron microscopy; TRPS: tunable resistive pulse sensing.
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Table 1.

Summary of EV separation methods and examples of their utilization in in vivo drug delivery studies 

whenever available.

Method Principle Advantages Disadvantages
In vivo drug

delivery 
examples

Tangential flow 
filtration Size

Highly scalable, automatable, 
gentle, choice of membrane, 

disposable devices

Unable to remove EV-sized impurities, non-
specific interactions with membranes [23]

Ultrafiltration Size
Rapid, scalable, choice of 

membrane, no dedicated major 
equipment, disposable devices

Clogging, sample loss, EV damage, unable 
to remove EV-sized impurities

UF, UC, 
sucrose 

cushion [103]

Size-exclusion 
chromatography Size

Gentle, scalable, good 
separation, removes soluble 

proteins and small molecules

Sample dilution might require post-
separation concentration, low yield, limited 
sample capacity, unable to remove EV-sized 

impurities

NA

Bind-elute 
chromatography Size/affinity

Rapid, scalable, gentle, one-
step elution, removes soluble 
proteins and small molecules

Low yield, limited sample capacity NA

Ion-exchange 
chromatography Charge Rapid, scalable, one-step 

elution

Low specificity for EVs, separation 
conditions need to be optimized, might 

require post-separation buffer exchange and 
concentration

NA

Affinity 
chromatography Affinity Rapid, scalable Unclear purity, elution might damage 

vesicles [104]

(Immuno)affinity Affinity
Rapid, high purity, no 

specialized equipment, specific 
capture of engineered EVs

Costly, low throughput, low yield, unclear 
scalability, a priori knowledge of surface 

markers is necessary, affinity reagents need 
to be removed without damaging EVs

NA

Differential 
ultracentrifugation Sedimentation Inexpensive, easy to use

Low throughput, low scalability, needs 
specialized equipment, unable to remove 

EV-sized impurities, potential EV damage 
and aggregation

[105-107]

Density gradient 
centrifugation Density

Commonly used method, 
inexpensive, high purity, often 
used in combination with other 

methods

Low throughput, low scalability, needs 
specialized equipment, low yield, lengthy 

and cumbersome procedure

Density 
gradient [108] 

Density 
cushion [109, 

110]

Precipitation Solubility
 Highly scalable, rapid, no 

specialized equipment, easy to 
use, inexpensive

Low purity, co-separates soluble non-EV 
material, precipitation reagent needs to be 

removed
[111-113]
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Table 2.

Summary of EV characterization methods and examples of their utilization in in vivo drug delivery studies 

whenever available.

Method Principle Advantages Disadvantages
In vivo drug 

delivery
examples

Scanning electron 
microscopy

Capturing emitted 
electrons

Low sample volumes, single-
EV analysis, surface 

topography

Little informative on surface 
structure and membrane features, 

risk of agglomeration and 
dehydration during sample 

preparation

[104]

Transmission electron 
microscopy

Detecting diffracted 
electrons

Low sample volumes, single 
EV analysis, visualizing 

membranous makeup and 
intra-vesicular structures

Potentially biased by sample 
preparation, toxic chemicals

[117, 
155-157]

Cryogenic electron 
microscopy

Detecting scattered 
electrons at extremely 

low temperature

Most native EV morphology, 
single EV analysis, low sample 

volume

Specialized sample preparation 
with dedicated equipment [158, 159]

Atomic force 
microscopy

Scanning interaction 
forces between sample 

and detector tip

Label-free sample preparation, 
single-EV analysis, three-
dimensional topography

Morphological changes by 
immobilization and by tip in 

contact mode possible, specialized 
equipment

[126, 157]

Tunable resistive pulse 
sensing

Measuring resistance 
pulses

No sample preparation 
required, fast

Challenging for samples with 
unknown size ranges, risk of pore 

clogging, not EV-specific
[156]

Microfluidic resistive 
pulse sensing

Measuring resistance 
pulses

No sample preparation 
required, quick, low sample 

volumes

Challenging for samples with 
unknown size ranges, risk of pore 

clogging, not EV-specific
NA

Dynamic light 
scattering

Detecting fluctuations in 
light intensities scattered 

by moving particles

No sample preparation 
required, quick

Bulk measurement, approximate 
size distribution, not EV-specific, 
heavily hampered by polydisperse 

samples, limited resolution

[117, 126]

Nanoparticle tracking 
analysis

Recording the 
displacement of particles 

that scatter light

Single particle analysis, fast, 
no sample preparation 

required, fluorescent labelling 
possible to increase specificity

Not EV specific, slightly 
hampered by polydisperse 
samples, limited resolution

[123, 126, 
155, 

157-159]

Flow cytometry Detecting scattered light
Fast, single EV analysis and 

multiparametric measurement 
possible

Limited resolution, confounded by 
swarming effect and refractory 

index
[160]

Bead-based flow 
cytometry Detecting scattered light Quick, multiparametric 

measurements

Bulk analysis only, risk of 
aggregation, limited information 

on size and concentration
[123, 158]

Nanoflow cytometry Detecting scattered light
Single-EV analysis, improved 

resolution, multiparametric 
measurement possible

Confounded by refractory index [161]

Imaging flow 
cytometry

Detecting scattered light 
with subsequent 

microscopic imaging

Single-EV analysis, improved 
resolution, multiparametric 

measurement possible
Dedicated equipment NA

Single-particle 
interferometric 

reflectance imaging 
sensing

Recording interferometric 
reflectance

Single-EV analysis, 
multiparametric measurement Dedicated equipment [159]

Immunoblotting Detecting antibody-
labelled signals

Established method, simple 
contamination check

Bulk analysis, high sample 
volume, requires pure preparations

[123, 126, 
127, 

155-158]

Enzyme-linked 
immunosorbent assay

Detecting antibody-
labelled signals

Established method, 
commercial kits available

Bulk analysis, cross-reactivity 
possible [162]
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Method Principle Advantages Disadvantages
In vivo drug 

delivery
examples

Mass spectrometry
Separation of ionized 

molecules by their mass 
to charge ratio

High resolution, high-
throughput, comprehensive 

data output

Bulk analysis, time consuming, 
requires pure preparations, 
sophisticated data analysis

[155, 156]

Next-generation 
sequencing

Transcript identification 
with single-nucleotide 

resolution

High sensitivity, high-
throughput, comprehensive 

data output

Bulk analysis, time consuming, 
requires pure preparations, 
sophisticated data analysis

[155]

Quantitative 
polymerase chain 

reaction

Real-time detection of 
sequences selected a 

priori

Established protocols, high 
sensitivity

Bulk analysis, requires pure 
preparations and a priori 

knowledge
[117]
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