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Abstract: 

Sudden outbreaks of novel infectious diseases and the persistent evolution of 

antimicrobial resistant pathogens make it necessary to develop specific tools to quickly 

understand pathogen-cell interactions and to study appropriate drug delivery 

strategies. Extracellular vesicles (EV) are cell-specific biogenic transport systems, 

which are gaining more and more popularity as either diagnostic markers or drug 

delivery systems. Apart from that, there are emerging possibilities for EVs as tools to 

study drug penetration, drug-membrane interactions as well as pathogen-membrane 

interactions. However, it appears that the potential of EV for such applications has not 

been fully exploited yet. Considering the vast variety of cells that can be involved in an 

infection, vesicle-based analytical methods are just emerging and the number of 

reported applications is still relatively small. Aim of this review is to discuss the current 

state of the art of EV-based assays, especially in the context of antimicrobial research 

and therapy, and to present some new perspectives for a more exhaustive and creative 

exploration in the future.  

 

Keywords  
 

Outer membrane vesicles; exosomes; microvesicles; apoptotic bodies; in vitro; 
antibiotics; antimicrobial drugs; antiviral drugs; bacterial bioavailability; membrane 
permeability  



  

3 

 

Table of contents 

 

Abstract ............................................................................................................................................ 2 

Keywords ......................................................................................................................................... 2 

Table of contents ........................................................................................................................... 3 

1. Introduction .............................................................................................................................. 4 

2. Types of extracellular vesicles ........................................................................................... 7 

3. How can extracellular vesicles support antimicrobial drug development? ......... 12 

4. Extracellular vesicle-based assays to study cellular interactions of anti-infective 

compounds ................................................................................................................................... 15 

4.1. Vesicle swelling assay .......................................................................................................... 16 

4.2. Direct detection of molecules inside vesicles .................................................................... 17 

4.3. EV-coated surfaces to study antibiotic-membrane interactions ..................................... 17 

4.4. Electrophysiological measurements on EV-modified membranes ................................. 18 

4.5. (Fused) vesicle membrane permeation assays ................................................................ 19 

4.6. EVs as potential diagnostic tool in medication safety ...................................................... 21 

5. Conclusion ............................................................................................................................ 22 

6. Acknowledgements ............................................................................................................. 23 

7. References ............................................................................................................................. 23 

 

 

  



  

4 

 

1. Introduction 

The treatment of infections is a dynamic process, which constantly requires novel 

antimicrobials and innovative therapeutic approaches. Suddenly emerging and rapidly 

spreading infectious diseases and antimicrobial resistance are serious threats to 

modern health care and agriculture. The former has been impressively demonstrated 

by the swine flu pandemic in 2009 [1,2], during the Ebola epidemic from 2014 – 2016 

[3] or during the coronavirus outbreaks in 2003, 2012 and 2020 [4,5]. Such immediate 

threats to a wide global population are episodically omnipresent in media and are 

usually the result of pathogens that succeed to not only spread among animals but 

also humans. The threat of antimicrobial resistance; however, is more subtle and 

persistent and is imposed by virtually all kinds of pathogens [6–10]. Effective spreading 

of infectious bacteria and antimicrobial resistance can also act synergistically as in the 

case of tuberculosis, which due to its unspecific initial symptoms is often diagnosed 

rather late and for which in some cases treatment options become more and more 

limited [11,12].   

When looking from a pathogen-based point of view one realises that different classes 

of pathogens are associated with different challenges for drug developers and 

clinicians. Figure 1 gives an overview over the various barriers antimicrobials may have 

to overcome before reaching their target.  
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of antibiotics by their comparatively highly selective multi-layered cell envelope and 

efficient multidrug efflux pumps [17,18]. Across both types of bacteria, there are 

species that dwell inside human cells, as for example Listeria monocytogenes and 

Chlamydia trachomatis or – facultatively – Staphylococcus aureus and Salmonella 

enterica [19–22]. This imposes further difficulties in the development of active and safe 

antimicrobials since additional barriers in the form of host cell membranes have to be 

overcome. Equally challenging is the delivery of antibiotics to mycobacteria, which are 

also intracellular pathogens, but moreover surrounded by a thick and hydrophobic cell 

wall and encapsulated by necrotic tissue [23]. 

In 2018, the WHO published a priority list for research and development of new 

antibiotics. According to this list, carbapenem-resistant Acinetobacter baumannii, 

Pseudomonas aeruginosa and Enterobacteriaceae are most critical [6]. Notably these 

bacterial species are all Gram-negative pathogens, which, in addition to their 

carbapenem-degrading -lactamases, contain selective channels (so-called porins) at 

the outer membrane and multidrug efflux pumps to lower the intracellular accumulation 

of antibiotic molecules. Bacterial bioavailability, which is a prerequisite for the majority 

of antibiotics (e.g., fluoroquinolones, aminoglycosides, -lactams and tetracyclines), 

especially against Gram-negative bacteria, should be evaluated in the course of drug 

development as early as possible [24]. Here, specific assays can give valuable insights 

in how some resistance mechanisms affect intracellular drug accumulation.  

Furthermore, a different strategy is being introduced to search for novel anti-infectives: 

instead of killing pathogens or hampering their growth, so-called pathoblockers just 

inhibit virulence of pathogens [25]. This approach diminishes overreactions of the host 

immune system and makes its fight against pathogen more effective.  

Regarding parasitic eukaryotes, Plasmodium falciparum causing Malaria tropica also 

renders treatment difficult since this parasite is – depending on the stage of its life cycle 

– either located inside erythrocytes or hepatocytes. Being an eukaryotic pathogen, the 

cell membrane composition is highly similar to the host cells [26].  

While there is a wide range of antibiotic drugs that is capable to completely eradicate 

bacterial pathogens, antiviral therapy – with only few exceptions, such as hepatitis C – 

fails to do so. Since viruses per definition do not have metabolic live functions 

themselves but depend on a host organism, many antiviral drugs fight the infection 

indirectly by binding to structures of the host cell either to prevent the entry of the virus 

or its replication.   
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At the same time, extracellular vesicles (EV) gain attention. Depending on their origin, 

they are currently intensely studied as diagnostic markers [27–29], intercellular 

messengers [30,31], drug delivery systems [32–34] and virulence factors [35,36]. EVs 

are highly versatile, highly species- and strain-specific and can offer tailor-made 

solutions for many issues related to antimicrobial drug development ranging from 

monitoring of antimicrobial activity and host toxicity to evaluating the target accessibility 

at the surface or inside the pathogen. Yet, they are still underexplored in this context.  

Superimposing the need for adequate assays for antimicrobial compound development 

and the various tasks extracellular vesicles do fulfil, it becomes obvious that these 

spherical membrane structures hold potential.  

In the following review, we do not only present already reported EV-based approaches 

to tackle these issues, but we also try open some perspectives for potential further 

applications, as for example to predict and optimise bioavailability in the patient as well 

as in the pathogen and to monitor individual antimicrobial therapy. 

 

2. Types of extracellular vesicles 

Extracellular vesicles are – as can be translated literally from Latin – bubble-shaped 

membrane bodies that are released from cells into extracellular space. Virtually all 

living and dying cells show such vesiculation. The variety of EVs is overwhelming and 

their properties largely depend on the cell type, health status, membrane origin and 

the extracellular environment. The respective proteome of these EVs is matter of 

ongoing research and still at its beginning. However, so far, all major EVs types have 

undergone proteomic analysis [37–40]. Further progress in this field can go beyond 

the finding of cancer biomarkers and enable the diagnosis of infectious diseases and 

intoxications. In this respect, we here introduce major EVs types together with 

examples of potentially important markers. 

  



  

8 

 

 

Figure 2. Overview of various extracellular vesicle types with characteristic cargo and 

membrane structures. A) Exosomes carry proteins, nucleotides, sugars, amines, organic 

acids, and vitamins. Their membrane features major histocompatibility complex 

(MHC)-molecules, tetraspanins, flotillin-1 and 70 kDa heatshock proteins. B) 

Microvesicles also carry nucleotides and proteins specific to their parental cell. Typical 

membrane features are glycosylated parts, MHC-molecules, tetraspanins and further 

cell-specific proteins. C) Apoptotic bodies contain fragments of mitochondria, the 

nucleus, cleaved caspases, and nucleic acids. Their surface is glycosylated, contains 

phosphatidylserine, and moreover features ICAM-1 as well as calreticulin molecules. 
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D) Outer membrane vesicles carry degrading enzymes, nucleotides and in parts 

peptidoglycan. Their surface is characterised by lipopolysaccharides as well as porins, 

fragments of bacterial efflux and active uptake systems. E) Brush border membrane 

vesicles have been shown to possess enzymatic activity on the membrane surface as 

well as active transport systems.  

Exosomes (Fig. 2A) are small vesicles of typically 30 – 150 nm in diameter, secreted 

by all eukaryotic cells and surrounded by a single phospholipid membrane [41,42]. 

These vesicles are found in many different fluids of the human body including saliva, 

urine, blood plasma, bile, gastric acid [43] and stool [44,45]. Exosomes are formed by 

initial invagination of the cell membrane leading to a release of vesicles into the 

cytoplasm, which fuse to endosomes. During endosomal aging the endosomal 

membrane buds inside endosomal lumen leading to multivesicular bodies. These 

vesicles inside the endosome are eventually released by exocytosis. Depending on 

their parent cell type the cargo consists of proteins, RNAs or other nucleotides, sugars, 

amines, organic acids and vitamins [46]. Because of their unique way of formation and 

their purpose as facilitators of intercellular gene transfer, it is expectable that cell 

adhesion proteins of the tetraspanin family (e.g. CD9, CD63, CD81) and transferring 

receptors are located at the vesicle membrane [37,43,47]. Interestingly, also major 

histocompatibility complex I (MHC-I; e.g., HLA-B, HLA-C, HLA-E) and MHC-II (HLA-

DR) and precursors of the lipopolysaccharide-binding protein were identified on 

exosomes isolated from urine. These proteins are involved in pathogen detection and 

presentation. Proteins, which were identified as exosome marker were flotillin-1 and 

70kDa heatshock proteins [48,49]. Upon treatment with ciprofloxacin, it was reported 

that exosomes even featured mitochondrial DNA and DNA-binding proteins on their 

surface [50]. On the other hand, hepatic exosomes of patients with echinococcosis 

infection have shown to contain pathogen-specific proteins and proteins specific for an 

infection-related immune response [37]. 

Microvesicles, also referred to as ectosomes or microparticles (Fig. 2B), are much 

more variable in diameter than exosomes and range from 30 nm to 1000 nm. This type 

of vesicles is created by budding of the cellular membrane to the extracellular space. 

Like exosomes, microvesicles transfer mRNA and miRNA to other cells. Moreover, 

their cargo includes cell specific soluble proteins, as for example cytokines and growth 

factors. On the membrane surface of the vesicles tetraspanin proteins (CD9, CD37, 
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C63, CD81), proteases, several receptors can be found including integrin receptors 

[51]. The presence of a glycocalyx is expectable [52]. Like exosomes, microvesicles 

can also feature MHC class I and II [53,54].  

Apoptotic bodies (Fig. 2C) have a size of 50 nm – 5 µm and occur during the non-

inflammatory programmed cell death (apoptosis) [55]. This is a typical homeostatic and 

evolutionary process in multicellular organisms and is caused by a physiological or 

pathological stimuli-related caspase-dependent proteolytic cascade. Commonly, 

apoptotic bodies are found in vivo mostly inside the cytosol of phagocytes [56], which 

indicates apoptotic cells express special signal molecules that attract these immune 

cells and induce phagocytosis [57]. While the “find-me” signal molecules are released 

to the cellular environment [58], the key “eat-me” signal is the phospholipid 

phosphatidylserine, which becomes located at the outer leaflet of the cell membrane 

[59]. Additionally, other contributing eat-me signals were reported to be located on the 

membrane surface, such as specific glycosylation patterns, altered ICAM-1 epitopes, 

or calreticulin [60,61]. Furthermore, ribosomal proteins were reported to be found on 

the membrane surface after treatment with doxorubicin [62]. Apoptotic bodies contain 

very versatile cargo, including fragments of the nucleus (‘micronuclei’), chromatin 

remnants, DNA-fragments, cytosol, degraded proteins and more or less intact cell 

organelles [57]. Notably, apoptotic cells do not only shed apoptotic bodies but also 

apoptotic microvesicles and exosomes, which have similar properties like their non-

apoptotic analogues [55]. It is known that the treatment with certain antibiotic classes, 

such as aminoglycosides or macrolides causes apoptosis to specific cell types [63,64]. 

 

As indicated by the name, the 50-250 nm large outer membrane vesicles (OMVs, 

Fig. 2D) originate from the outer membrane of Gram-negative bacteria and are 

constitutively shed [65]. Similar to the outer membrane itself, OMVs feature an 

asymmetric membrane that is divided into an LPS-rich outer leaflet and a phospholipid-

containing inner leaflet. Outer membrane proteins (Omp), which also include porins, 

parts of active transport systems or adhesins [66], are integrated inside this membrane 

but the quantitative composition is altered [67]. The inner content of OMVs usually 

consists of  peptidoglycan, nucleic acids and periplasmic proteins including degrading 

enzymes [68–70]. It is known that the exposure especially to cell-wall disturbing -
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lactam and membrane disturbing polymyxin antibiotics increases the budding of OMV 

[71–73] and that antimicrobial peptides can alter the protein composition [74]. 

Although inner membrane vesicles (IMV) have been mentioned in literature, the data 

supply is poor, which evokes the impression that this type of vesicles is either not yet 

of broader interest or the isolation of vesicles is highly challenging [75–77]. However, 

they have been already employed for the investigation of active uptake of siderophores 

[75]. Outer-inner membrane vesicles (O-IMV) are naturally shed also by pathogenic 

bacteria such as Neisseria gonorrhoeae, Pseudomonas aeruginosa and Acinetobacter 

baumannii, even though in a much lower number than OMVs (1% of shed vesicles). 

Vesicles are highly variable in size and contain DNA. Like OMVs, O-IMV can contain 

Omps and proteins associated with the periplasm. Moreover, O-IMV contain proteins 

of the inner membrane and cytoplasm in a substantial manner as was shown for N. 

gonorrhoeae [78,79]. Considering the low number of publications about O-IMV, it 

seems that the low yield of vesicles makes research and potential applications difficult.

 Gram-positive bacteria also produce extracellular vesicles with a size of 10 – 

400 nm. The cargo and purposes of Gram-positive bacterial extracellular vesicles 

(GPEV) are not as well studied as for OMV, but are assumed to have a cargo that is 

similar to Gram-negative OMV including the presence of -lactamases [67,80]. 

However, originating from the cytoplasmic membrane, their structure differs. Also 

GPEVs are reported to be shed in higher abundance upon exposure to -lactams [81].

  

Apart from being sequestered by living cells, membrane-derived vesicles can also be 

obtained from cell destruction or reconstitution of cellular membranes [77,82,83]. 

Brush border membrane vesicles (BBMV, Fig. 2E) as one example have already 

been used to study non-facilitated or facilitated compound uptake across the intestinal 

and renal epithelium [84–87] and can be produced at higher yields [88]. BBMV have 

been mainly used because their membrane comprises H+ or Na+-dependent carrier 

systems, such as dipeptide carriers [84,85], metal ion transporters [89], glucose 

transporters [88] or vitamin transporters [90]. These vesicles are 200 – 500 nm in 

diameter and originate directly from the destructed cell membrane, arguably 

representing the actual protein and phospholipid composition of the parental cell 

membrane best [88,91]. This, however, might hold true only for eukaryotic and Gram-

positive bacterial cell membranes. Because of the multi-layered membrane 
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architecture consisting of an inner and outer membrane, vesicles obtained from Gram-

negative bacteria can be chimeric featuring inner and outer membrane proteins. 

Overall, the major delimiter to the application of extracellular vesicles appears to be 

the low rate of vesicle production, which renders isolation, application and analysis 

difficult. This, however, is a hurdle that can be overcome. Not only will preparative and 

analytical methods continue to become more and more efficient, but also various 

stimuli can increase the yield of vesicles [71,72,81]. Further increase can be achieved 

by lytic methods [82,83] or by reconstitution of extracted membrane components [92]. 

Moreover, genetic engineering of membrane stabilizing compounds can enhance the 

number of secreted vesicles [36,65]. 

  

3. How can extracellular vesicles support antimicrobial drug development? 

Table 1. Potential applications of extracellular vesicle (EV)-based assays at different 

stages in the antibiotic life cycle. 

 Task Application Goal 

Early Drug 

Discovery 

Lead identification 
& optimization 

▪ Binding assays to 
EV-surface proteins 

▪ EV-based 
permeation assays 

▪ Optimization of uptake 
into pathogen or 

infected cell 

Preclinical 

Studies  
(in vitro, in 

animals) 

Optimizing 
bioavailability of 

drug(-conjugate) or 
formulation 

▪ Permeability across 
host EV-membrane 

▪ Optimization of 
bioavailability 

In vivo activity & 
toxicity studies 

▪ Detection of EVs in 
various body fluids 

▪ Refinement & 
reduction of animal 

studies 

Clinical 

Studies 
(in humans) 

Phase 0 & I 
studies 

▪ Detection of EVs in 
various body fluids  

▪ Assess safety 

Phase II & III 
studies 

▪ Detection of EVs in 
various body fluids  

▪ Assess safety and 
demonstrate efficacy 

Market 

Deployment & 

Therapeutic drug 
monitoring 

▪ Detection of EVs in 
various body fluids  

▪ Increase the safety  
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Post Marketing 

Surveillance 

Resistance 
surveillance 

▪ EV-based 
permeation or 

binding assays to 
elucidate resistance 

mechanisms 

▪ Adaptation of drug 
development to 

emerging resistances 

 

Generally, the stages of antibiotic drug discovery and development are very similar to 

those of drugs with other indications. In academic research, the process usually starts 

with identifying a target structure and investigating if this target is specific for the 

addressed pathogen or not. Such targets are often involved in essential biological 

processes of the pathogen, such as cell wall or protein biosynthesis or DNA replication 

but can also interfere with cell-to-cell communication or virulence mechanisms as holds 

true for pathoblockers [25,93]. Bigger pharmaceutical companies can screen 

substance libraries for antibiotic activities on specific bacterial strains. Active 

compounds (“Hits”) usually undergo studies clarifying the mechanism of action.   

In either case, essential target sites of cellular pathogens often turn out to be located 

inside, making it necessary to overcome their cell membrane and with respect to 

bacteria and fungi also the cell wall. Here, pathogen-specific permeation models based 

on their EVs may support the generation and optimization of lead compounds. While 

pathogen-based (e.g., “in bacterio”) assays may be currently easier, readily available, 

and less laborious, the analysis can suffer from several errors. When performing 

assays to detect the minimum inhibitory concentration, it is often not clear if compounds 

are less active because of lower target affinity, lower membrane permeability, 

unspecific binding to structures in the cytosol (or periplasm) or increased enzymatic 

degradation. Besides, there are specific methods to measure bacterial bioavailability 

of antibiotics [24,94–96]. However, most of these assays face problems also related to 

aforementioned aspects. Additionally, sublethal concentrations should be applied to 

not interfere with the bacterial organism and resulting again into a rather tedious 

analytical procedure, not to mention drawbacks in terms of work safety, when dealing 

with living pathogens. In contrast EVs are non-pathogenic, can be – depending on the 

assay – free from intracellular enzymes and contain a more limited set of potentially 

interfering cellular structures. The accuracy of the assays can be also considered as 

less affected by higher compound concentrations since there is no interference with 

life functions, resulting in more easier analytics. However, aspects of active uptake and 
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efflux may not be covered. Given the case that the antimicrobial target is located on 

the cell surface, the employment of such membrane vesicles may also help to elucidate 

the mechanism of action and support the compound optimization by e.g., affinity 

studies using surface plasmon resonance.  

Aiming at target structures that are unique to the pathogen is highly attractive for drug 

developers but is limited when designing antiviral drugs, since viruses utilise host cell 

machinery to facilitate their own reproduction. However, since attractive targets can be 

often found when looking at interactions between the pathogen and the host cell 

membrane [97–100], binding assays based on extracellular host cell vesicles would 

give a valuable contribution to antiviral drug development. The same holds true for pro- 

and eukaryotic pathogens, whose lifecycle is partially intracellular [19–22,101–104].

  

Preclinical studies focus on the characterization of the pharmacokinetic, 

pharmacodynamic and toxicological profile of drug candidates. Here several in vitro, 

ex vivo, in vivo and in silico studies come into play. For compounds designed for 

systemic treatment, a sufficient absorption is essential. The application of Parallel 

Artificial Membrane Permeation Assays (PAMPA) or Phospholipid Vesicle-based 

Permeation assays (PVPA) proved to yield good correlations between obtained 

permeability coefficients in vitro and the fraction absorbed in vivo [105]. However, an 

even more accurate and specific outcome can be expected by using either 

microvesicles, exosomes or brush border membrane vesicles derived from epithelial 

cells of the small intestine. Notably, these vesicles contain active uptake transporters, 

which may be particularly beneficial, when studying the absorption of metal ion-

chelating, peptidomimetic antimicrobials or conjugates as well as nucleoside or 

nucleotide analogues [106–109]. However, also cell-penetrating peptides, 

siderophores, monoclonal antibodies or nucleic acids are emerging novel classes of 

antimicrobials and all these classes can be expected to suffer from poor non-facilitated 

transcellular transport resulting in poor bioavailability. The exploration of facilitated 

passive or active pathways either by direct optimization of the compound structure or 

by conjugation with specific substrates can be a promising strategy to overcome these 

limitations in permeability. In this context, EV-based assays can serve as an adequate 

platform to test theses new strategies. Additionally, cell-free assays with a high level 

of predictive capacity can save time in drug development since they potentially lead to 

a reduction of cell- and animal-based follow-up studies.  
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Investigations regarding the body distribution and pharmacokinetics of new 

compounds may benefit in a similar manner. Lately organ-on-a-chip approaches 

became a popular field of research and can be used for exploring compound activity, 

toxicity, and delivery [110,111]. Replacing the so far rather elaborately manufactured 

cell-based chip models by vesicle-derived membrane barriers could allow for a more 

standardizable production of these models as well as for a better storage stability, since 

essential components of EVs (proteins and phospholipids) can be considered to 

tolerate a broader range of physical production parameters (temperature, pressure, 

humidity etc.), do not require a continuous supply of nutrients and are less affected by 

contaminations. 

Also, clinical studies can profit from expanding the spectrum of analysed physiological 

parameters towards the detection of specific extracellular vesicles. In optional so-

called “phase 0” or “microdosing” studies as well as clinical phase I studies, the 

detection of extracellular vesicles in plasma samples or other body fluids may help to 

assess at a very early stage if the administered compound is potentially toxic to the 

subject, even before tissue damage may occur. In clinical phase II studies, where drug 

candidates are applied on patients, the monitoring of shed vesicles can increase the 

subject’s safety in an equal manner. Besides, the detection of pathogen-specific or 

infection-associated vesicles can be used as an additional parameter to assess the 

success of the applied treatment.  Even in larger phase III studies and post-approval 

deployment, individual patients can benefit from standardised EV detection assays to 

monitor the vital status of the patient as well as pathogen eradication, if they suffer 

from severe infections, organ failure or can only be treated with drugs with a narrow 

therapeutic window. 

 

 

4. Extracellular vesicle-based assays to study cellular interactions of anti-

infective compounds 

Among the many different types of EV, particularly OMVs and brush border membrane 

vesicles were reported as a tool to study the permeability or membrane interaction of 

antimicrobials. These studies give information about the bioavailability of (novel) 

antibiotic drugs inside the patient or the pathogen and allow to study membrane 

disrupting effects as well as membrane adhesion. Prospectively, such assays can also 
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be used to evaluate drug loading efficiency of EVs as innovative drug carriers, which 

is a recent field of research [32,112].  

In this section, we present several EV-based assays, which hold potential for further 

advancement and adaptation for various types of vesicles. In future, such assays can 

become more and more applicable in the curse of further progress in EV isolation [113–

118]. 

4.1.  Vesicle swelling assay 

Based on the initial use of proteoliposomes in a so-called liposome-swelling assay 

[119], Ferreira and Kasson employed OMVs of E. coli to study the permeability of 

several already marketed antibiotics and compared the outcome with their permeability 

predicted by molecular dynamics simulations on the outer membrane protein F (OmpF) 

[120] (Fig. 3A). They obtained a good correlation, but standard deviations obtained by 

the assay were considerable. The principle of the assay is that a concentration gradient 

of the drug between the extra- and intravesicular space is built up, which causes drug 

translocation across the vesicle membrane. The arising osmotic gradient is 

equilibrated but the influx of water into the vesicles, which causes a swelling that can 

be measures by dynamic light scattering (DLS). Unlike in liposomes, whose membrane 

is much more fluid, the expansion of OMVs is likely to be limited, considering a very 

high proportion of outer membrane proteins and the membrane-attached 

peptidoglycan layer. Also considering the inhomogeneity of vesicle sizes the high 

standard deviations seem to be an inherent downside of this approach. Since for most 

tested compounds no data regarding their bacterial membrane permeation or bacterial 

bioavailability are available, a direct comparison is difficult. Notably, ciprofloxacin as a 

reportedly high-accumulating drug [121] showed also a pronounced vesicle swelling 

rate, which correlated with fast porin-mediated permeation according to molecular 

dynamics simulations (MD). However, nalidixic acid caused relatively low swelling and 

had a slow permeation according to MD, which does not seem to match its relatively 

high bacterial bioavailability [122] and is probably due to the high rate of passive non-

facilitated diffusion [123,124]. Yet, the low swelling and slow permeation speed of 

novobiocin [125] was again in agreement with bacterial data [121,122]. These results 

suggest that the vesicle swelling assay is an adequate and easily applicable method 

to investigate, if antimicrobials are taken up by facilitated passive diffusion, e.g. via 

porins. 
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4.2. Direct detection of molecules inside vesicles 

Instead of looking at surrogate parameters, Nakae et al. detected the accumulation of 

radiolabelled sugar molecules of various size inside reconstituted vesicles from S. 

typhimurium after filtration [92,126]. A similar principle has also been applied on brush 

border membrane vesicles [84,86]. Alternatively, relatively simple HPLC equipment 

can be employed to quantify compound uptake [107] (Fig. 3B). The general procedure 

can also be modified by fusing extracellular vesicles with liposomes to form so-called 

giant unilamellar vesicles (GUVs). These hybrid vesicles can be used in various ways. 

Fluorescent or fluorescently labelled antimicrobial compounds can be incubated with 

the vesicles and their intravesicular accumulation can be observed by confocal laser 

scanning microscopy or analysed by (synchrotron-based) microscopectrofluorimetry, 

as was done already on pure GUVs [127] or living bacteria [94]. Besides, fluorescent 

content may also be quantifiable by flow-cytometry [128].  

Interestingly, such types of assays have never been validated against actual cellular 

counterparts but were considered to elucidate mechanistic peculiarities about cellular 

compound uptake as if this were self-evident. It was found that brush border membrane 

vesicles are even capable of secondary active compound transport [86,87,107,129]. 

 

4.3. EV-coated surfaces to study antibiotic-membrane interactions 

It has been reported that quartz crystal microbalances with dissipation monitoring 

(QCM-D) were coated with OMV from E. coli in order to obtain an outer membrane-

mimetic supported bilayer (Fig. 3C). Although the entire coated area contained outer 

membrane patches that were flipped upside down, Hsia et al. achieved the 

maintenance of an asymmetric membrane layer that allowed for interaction studies 

using the pore forming polymyxin B [130] (Fig. 3D).  

Clifton et al. constructed models of the Gram-negative outer membrane using a 

combination of Langmuir-Blodgett and Langmuir-Schäfer deposition techniques 

[131,132]. The obtained membranes were investigated by neutron reflection but held 

also potential to be analysed by FRET-assays, surface plasmon resonance (SPR), 

infrared spectroscopy, atomic force microscopy (AFM). Introducing OMVs into this 

concept would make this approach still more authentic and specific and may provide 
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additional insights on interactions between the Gram-negative outer membrane and 

antimicrobial compounds. Apart from polymyxins, for which the membrane disruptive 

effect is already long-studied in various setups [133–135], also antibodies, 

siderophores, nucleotides, phages and even various antibiotic drug delivery systems 

could be investigated in this way [6,136–138].  

Not only R&D of antibiotics would profit from such models, but also antiviral compound 

development, if the target lies on the viral surface or the membrane surface of the host 

cell. Since viruses often infect specific host cell types, as e.g., rhinoviridae for mucosal 

cells of the upper respiratory tract, hepatoviruses for hepatocytes or Herpesviridae for 

neurons, it will be highly advantageous to have specific cell derived surfaces.  

 

4.4. Electrophysiological measurements on EV-modified membranes 

In order to investigate the translocation of single antibiotic molecules across porin 

channels of the outer membrane, electrophysiological experiments can be employed. 

Usually, proteoliposomes are fused with a free-floating phospholipid bilayer, which 

spans over a micrometre-sized pore. The translocation events can be detected by 

drops in the current when applying voltage [139,140] (Fig. 3E). The depth of the drop 

indicates how many translocation events happen at the same time, while the length of 

the current drop reveals the time span of a single translocation event. Recently, OMV 

and OMV-GUV hybrid vesicles have been used instead of proteoliposomes to 

introduce OmpC and OmpF porins. Surprisingly, although OMV of E. coli wild type 

(WT) contain a high density and of OmpF and OmpC, it was found that only few protein 

insertions into the floating bilayer occurred [141]. The selectivity of protein insertions 

could be regulated biotechnologically by overexpressing the respective outer 

membrane protein.  

Similar to the vesicle-swelling assay, electrophysiological investigations on EV-

enriched phospholipid membranes can give hints, if and how easy compounds can 

undergo passive pore-mediated uptake into the cell. The combination with MD allows 

for further mechanistic details about the permeation process. Considering that there 

are currently no assays available to elucidate those mechanisms in such detail in living 

bacteria, this approach appears to be the most authentic one. It would be worth testing 

a broader panel of antibiotics by electrophysiology and try to correlate this with 
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bacterial bioavailability, since there is some evidence that some pore proteins, as for 

example OmpF in E. coli have crucial impact on compound accumulation [142,143].  

 

4.5. Membrane permeation assays on EV-coated filter supports 

True benefits of EV-based assays arise, when they are robust, standardizable and 

producible in large scale while requiring only low amounts of material. One step 

towards this goal has been already taken when filter supports were impregnated with 

liposomes to predict intestinal drug absorption [144–147] (Fig. 3F). This approach was 

advanced towards predicting antibiotic permeability and bioavailability across the 

Gram-negative bacterial cell envelope [124,148]. These assays work in a way that is 

analogue to the so-called parallel artificial membrane permeation assay (PAMPA): a 

drug solution is given to one side of the membrane model (“donor compartment”), while 

over time samples are drawn from the buffer solution on the other side (“receiver 

compartment”). Compound quantification of these samples yields a permeation-time 

course that can be correlated with epithelial or membrane barriers of the organism of 

interest. As an advancement towards a pathogen or host-specific evaluation of 

compound uptake, it would be worthwhile to replace liposomes by OMVs or other EVs. 

The presence of species-specific membrane proteins that might be involved in the drug 

transport across the membrane might enhance the predictive capacity.   

Creating vesicle-based supported phospholipid bilayers on top of filter supports may 

also provide valuable assay platforms to study carrier-mediated permeation, as could 

be observed in brush border membrane vesicles [84,85,149]. Moreover, such model 

would also have the potential to study receptor binding or membrane disruption, as 

mentioned above [130,150] at minimum amounts of material required. So far, these 

considerations are largely hypothetical, but in their basis already subject of ongoing 

research [29].  

 

Notably, current efforts focus mainly on compound permeability across the Gram-

negative outer membrane. To aminoglycosides [151] and certainly several others, the 

inner membrane, however, may also constitute a considerable barrier. It is also 

important to acknowledge that antimicrobial resistance by Gram-positive bacteria is 

mainly but not only related to alterations on the target structure or enzymatic 
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degradation. Studying antibiotic uptake and efflux in Gram-positive bacteria will also 

provide valuable information for the development and optimization of antibiotics 

against these pathogens [152–154]. Here, the application of extracellular vesicles 

seems particularly suitable, since, unlike in Gram-negative bacteria, active transporters 

only span across one single phospholipid membrane. Hence the often rather complex 

apparatus might stay intact and functional.   

Antifungal drug development also has high potential in profiting from extracellular 

vesicle-based permeation assays. Pore-forming polyene antimycotics as for example 

amphotericin B could be investigated in an analogous way to polymyxin B, as detailed 

in section 4.3., or via electrophysiological measurements (4.4.). Allylamines, azole-

antimycotics and newer compounds [155], which address intracellular targets, can 

profit from fungal vesicle-based permeation assays. Since efflux was identified as a 

major problem of antifungal resistance [156], the introduction and activation of efflux 

pumps in fused vesicle-based membrane permeation assays or free floating vesicle 

assays is highly desired. This holds also true for antibiotic resistant bacterial strains, 

where first achievements have already been reported [157,158]. Expanding the 

application of these assays towards more variable types of molecules could succeed 

by adapting an approach by Wang et al. [159] and introducing a fluorescent moiety at 

the exit of the pumping unit to monitor the quenching events and hence the efflux rate. 

Importantly, for antimicrobials, whose target organism is an intracellular pathogen, it is 

on the one hand important to have information about the accumulation in the specific 

infected cell type. On the other hand, it is mostly advantageous to delimit unspecific 

membrane penetration or binding to non-infected cells to avoid adverse effects. 

Optimizing a drug towards the latter goal, often leads to the dilemma of poor oral 

bioavailability. While these issues are usually addressed by cell-based assays using 

either flow cytometry, fluorimetry, CLSM or LC–MS for the quantification, the same 

methods are in principle applicable for extracellular vesicles derived from the 

respective cell type.  While conventional flow cytometry may not be suitable for proper 

cargo quantification yet, research on the analysis of individual extracellular vesicles by 

flow cytometry is already ongoing [160]. One could think of commercially available 

standardised EV kits, that could be readily used for uptake experiments and in doing 

so, avoiding the culture of sometimes highly sensitive cells.  
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Figure 3. Applied and proposed concepts of extracellular vesicle (EV)-based assays.  

A) The extent of membrane transport can be studied by EV-swelling assays. The increase in 

size correlates with the permeability of the studied drug molecule. B) Taken up molecules can 

also be detected directly by either radiometry, confocal laser scanning microscopy (CLSM) or 

– after vesicle lysis – by liquid chromatography-coupled mass spectrometry. C) Quartz crystal 

microbalances with dissipation monitoring (QCM-D) can be coated with vesicles to study the 

activity of surface-active antimicrobials or the (inhibited) attachment of pathogens to the 

membrane surface. D) Analogously, surface plasmon resonance can be applied. E) 

Electrophysiological measurements on EV-fused membranes allow for single molecule 

translocation studies on ion channels, while F) filters coated with EVs allow for more general 

studies of compound permeation employing various passive permeation pathways. G) As 

already done in cancer research, vesicles can serve as diagnostic markers for toxicity or 

pathogen eradication. They can be detected by flow cytometry [161,162] and biosensors [163] 

and their protein content can be analysed by e.g., ELISAs [74] or proteomic analyses[164,165]. 

Also, the vesicle size distribution as can be e.g., analysed by particle tracking analysis in 

combination with flow cytometry or microscopic methods can give valuable hints [166]. 

 

4.6. EVs as potential diagnostic tool in medication safety 

If the application of antimicrobials comes with severe adverse effects and a narrow therapeutic 

window, it may become necessary to constantly supervise the pharmacotherapy of the 

patients. This so-called therapeutic drug monitoring (TDM) is usually done by taking blood or 

other samples and quantifying the concentration of the administered drug. Prominent 

examples in the context of antimicrobial therapy are aminoglycosides, vancomycin and 
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abacavir [167].  As a perspective, the quantification of plasma concentrations could be 

complemented by quantifying the presence of specific extracellular vesicles that could either 

indicate tissue damage of the patient or the eradication of the pathogen (Fig. 3G). The 

increased release of tissue-specific exosomes or microvesicles could indicate cellular stress, 

while the detection of apoptosis would even reveal cell damage. However, the detection of 

apoptotic bodies can be difficult due to their commonly immediate internalization into 

phagocytes. Depending on the vesicle-specific membrane proteins or cargo, the affected 

tissue type can be traced back. In this way, potential adverse effects could be individually 

anticipated to prevent additional stress or harm to the patient organism.  

On the other hand, the detection of infection specific EVs can help to assure if the treated 

infection has been completely cured. As has been shown previously, the presence of certain 

pathogens has been associated with specific host cell-derived EV but can be also associated 

with pathogen-derived vesicles [163,168]. The development of quick diagnostic EV-based 

assays to prove complete pathogen eradication may decrease the relapse rate in this respect. 

If containment is the goal, exacerbations due to insufficient antimicrobial activity could be 

anticipated and prevented [169]. Beside blood samples, other body fluids (mucus, saliva, 

sputum, urine, stool etc.) may be even more suitable depending on the therapy and the 

respective pathogen. The great advantage would be in this case that invasive measures are 

avoided, which leads to a better tolerance by the patient and does not expose the patient to 

further risks of infections. Moreover, unnecessarily long and risky treatments as is the case of 

infections by mycobacteria (tuberculosis, leprosy) can be avoided, when the absence of the 

pathogen can be patient-individually assured. Such diagnostic approaches are challenging 

given the usually low yield of extracellular vesicles, however promising approaches have been 

reported already for OMV [163,170].  

 

5. Conclusion 

Extracellular vesicles bear impressive potential for various applications in the field of 

antimicrobial research and therapeutic application. Regarding antimicrobial research, 

biotechnologically modified cell lines and bacterial strains as well as standardised protocols for 

these modifications are urgently needed to obtain tailor-made vesicle types in sufficient 

amounts. With this biotechnological support, vesicle-based permeation and affinity assays can 

become regularly established and employed in larger scales to support antibiotic drug design 

and the characterization of pharmacokinetic properties.  

Regarding drug safety, the development of diagnostic vesicle-based assays will likely benefit 

the safety of subjects in clinical trials but can also enhance individual medication safety and 

therapeutic success after release to the market. The potential of vesicle-based assays has not 
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been fully explored, yet. With this paper, we hope to have brought up some additional 

perspectives to the emerging research field of extracellular vesicles in the context of 

antimicrobial research and therapy. 
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