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Abstract

Extracellular  vesicles (EVs) are cell-derived nanoparticles that  are important  mediators in 
intercellular communication. This function makes them auspicious candidates for therapeutic 
and  drug-delivery  applications.  Among  EVs,  mammalian  cell  derived  EVs  and  outer 
membrane vesicles (OMVs) produced by gram-negative bacteria are the most investigated 
candidates  for  pharmaceutical  applications.  To further  optimize their  performance and to 
utilize their natural abilities, researchers have strived to equip EVs with new moieties on their 
surface while  preserving the integrity of the vesicles.  The aim of  this review is to give a 
comprehensive overview of techniques that can be used to introduce these moieties to the 
vesicle surface. Approaches can be classified in regards to whether they take place before or 
after the isolation of EVs. The producing cells can be subjected to genetic manipulation or 
metabolic engineering to produce surface modified vesicles or EVs are engineered after their 
isolation by physical or chemical means. Here, the advantages and disadvantages of these 
processes  and  their  applicability  for  the  development  of  EVs  as  therapeutic  agents  are 
discussed.
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1. EVs and OMVs introduction

Extracellular  vesicles  (EVs)  are  produced  ubiquitously  by  cells  from  organisms  of  all 
kingdoms of life, such as mammalian cells, gram-negative and –positive bacteria, plants and 
fungi [1-4]. In particular, mammalian EVs and vesicles produced by gram-negative bacteria 
have been the focus of evaluation and development for pharmaceutical use [5, 6].

EVs are generally in the nanometer size-range and surrounded by a lipid membrane. Among 
other putative functions, EVs serve the purpose of transporting information between cells [1, 
7].  To this  end,  various cargoes are encapsulated into the vesicles such as RNA, DNA, 



proteins and enzymes [8]. The information-transport by mammalian EVs for example plays a 
role in antigen presentation  [9], organ development  [10] and in crosstalk between pre and 
post synapse [11, 12]. Bacterial EVs are transporters of hydrophobic quorum sensing factors 
[13], convey anti-inflammatory effects to the host [14] and play a role in biofilm formation [15].

Mammalian cells produce heterogeneous sub-populations of EVs  [16]. In current research 
two subtypes of mammalian EVs have received  the highest attention, microvesicles, sized 
between 50 and 1000 nm and produced by outward blebbing of the plasma membrane and 
exosomes with a size of 30 to 200 nm, which are derived from multivesicular bodies [17]. In 
bacteria,  the main difference lies between gram-negative  bacteria  that  produce so-called 
outer membrane vesicles (OMVs) from the outer layer of their cell-envelope  [3] and gram-
positive bacteria that lacking a second membrane, form vesicles by budding from the plasma 
membrane [18]. OMVs range in size from 20 to 250 nm, and a similar size range has been 
reported for vesicles derived from gram-positive bacteria [7, 18].

While increased research activity aims at elucidating the manifold biological roles of EVs and 
evaluate their use as biomarkers for diseases such as cancer [19], Alzheimer’s disease [20] 
and liver diseases [21], EVs are also considered for their application as therapeutic agents 
[22] and drug-delivery vehicles [6].

Successful examples include MSC-derived EVs that have demonstrated therapeutic activity 
in  various  fields  [23] and  EVs  produced  by  cardiosphere-derived  cells  for  cardiac 
regeneration  [24].  Bacterial  vesicles  have mainly  garnered interest  as  vaccines  [25] and 
adjuvants  [26],  but  are also investigated as  antibiotic  and anticancer  agents  [27,  28].  In 
addition,  researchers  have  strived  to  equip  EVs  with  new  functionalities,  from  relatively 
simple fluorescent labeling to more complex functionalities, such as tissue-specific targeting 
[29] and vaccination against cancer [30]. 

To attain such aims, the surface of EVs has to be modified with molecules of interest using 
sophisticated methods to obtain reproducible results, while preserving vesicle-integrity and –
activity. In this review, these techniques are evaluated in detail regarding their advantages 
and disadvantages and it is discussed which methods could be best suited for the surface 
engineering of EVs in their future clinical application.

2. Objectives of EV surface engineering

EV surface engineering can serve different purposes. One of its most prominent uses is the 
introduction of targeting moieties (Figure 1 A). By providing the vesicles with these moieties 
their selective enrichment in specific cells and potentially tissues can be achieved [29]. EVs 
show preferential  interaction  with target  cells,  however  there have been reports  that  this 
innate  targeting  ability  is  not  very  efficient  in  vivo.  For  example,  Smyth  et  al.  have 
demonstrated that native EVs after systemic administration do not show improvement over 
liposomes regarding tumor-accumulation and circulation-time in the bloodstream  [31] and 
multiple studies reported the predominant accumulation of EVs in the liver and the spleen 
[32-34]. Targeting moieties introduced to the surface of EVs could help improve their cell-
specificity, while the overall pharmacokinetics of EVs could be improved by shielding them 
from uptake by non-target-cells, for example the mononuclear phagocyte system (MPS) [35]
(Figure 1 B).  In  the field  of  synthetic  nanoparticles,  reduced interaction  with the MPS is 



mostly achieved through covering the particle-surface with polyethylene glycol  (PEG) [36], 
however also the decoration with peptides that inhibit phagocytosis has been described [37].

Figure  1:  Objectives  of  EV  surface  engineering. Surface  engineering  of  EVs  can  be 
applied to endow them with targeting moieties to enhance cell-specificity  (A) or to shield 
them from unspecific uptake (B). The surface of EVs can also be used to anchor exogenous 
cargos (C) or fluorescent dyes (D). Finally, surface engineering can be used for increasing 
biocompatibility  and  reducing  potential  side-effects  of  EV-formulations,  for  example  by 
modifying  the  lipopolysaccharides  on  the  surface  of  OMVs  (E).  Partially  created  with 
BioRender.com.

In vaccine development, surface modification of EVs both could aid the production of tailor-
made  vaccines  and  increase  vaccine-safety.  Adverse  effects  caused  by  EVs  natively 
carrying the antigen of interest could be circumvented by heterologous expression of the 
surface  antigens  on  EVs  that  do  not  cause  unwanted  off-target  effects.  This  could  be 
relevant for cancer-cell derived EVs that have shown promising results as vaccines in tumor 
immunotherapy  [30],  but  have  also  been  implicated  with  tumorigenic  and  prometastatic 
effects  [38, 39]. Alternatively, antigenic EVs that are too toxic in their native state could be 
detoxified by altering their surface-epitopes  (Figure 1 E), which is mainly of significance in 
the field of OMV-based vaccination, were lipopolysaccharides (LPS) on the vesicle surface 
cause strong inflammatory responses [40].



For large and polar cargo-molecules, their incorporation into EVs can be challenging. Thus, 
the surface of EVs rather than their internal space could provide an easily accessible location 
for exogenous vesicle-cargos (Figure 1 C). While the presence on the outer surface of the 
vesicles could hinder the endosomal escape of cargos after endocytosis of the vesicles [41], 
this approach could still be viable by virtue of circumventing potential vesicle-damage and 
potential loss of native EV-cargos during encapsulation [42] and artifacts due to precipitation 
of cargos [43].

Finally, EV surface-modification can also be used for the fluorescent labeling of the vesicles 
(Figure 1 D). While lipophilic dyes that enrich themselves in the EV-membrane, such as PKH 
dyes [44], DiI [45] or DiR [32], are popular, they have several potential drawbacks that might 
limit their usefulness and require a different approach. Due to their lipophilic nature, these 
dyes  tend to  form particles  similar  in  size  to  EVs  that  are  thus  difficult  to  remove  [46]. 
Lipophilic  dyes also readily  label  other lipid-containing contaminants and can even leech 
from the vesicles to other plasma membranes without vesicle-uptake taking place, leading to 
false-positive  results  [47,  48].  The  long  half-life  of  some  dyes  might  also  lead  to  false 
impressions about the presence and distribution of labeled EVs in the body [47]. Covalently 
tethering  hydrophilic  fluorescent  dyes  to  the  surface  of  vesicles  could  circumvent  these 
issues.

3. EV surface-functionalization
3.1. Pre-isolation-modification

One major advantage of EVs as drug delivery systems as compared to synthetic carriers is 
the possibility to modify EV surfaces by manipulating their parent cells. In order to achieve 
such surface functionalization prior to EV isolation, various approaches can be considered, 
including genetic, metabolic and direct parent cell membrane engineering approaches.



Figure 2: Overview of EV surface engineering methods. There are multiple approaches to 
surface engineering of EVs. Modification can take place before EV-isolation, by expressing 
fusion proteins of EV membrane-proteins and the protein of interest (A). Alternatively, EVs 
bearing  azide  groups  can  be  generated  by  feeding  the  parent  cells  with  azide-labeled 
metabolites (metabolic labeling, B) or by fusing them with azide-labeled liposomes (parent-
cell membrane labeling, C). Azide-labeled EVs can subsequently by functionalized using e.g. 
strain-promoted alkyne-azide cycloaddition (SPAAC). After EV-isolation, the vesicles can be 
engineered by physical  or  chemical  means.  Physical  engineering can take place through 



fusion with liposomes (D), specific or unspecific adsorption of molecules to the EV-surface 
(E) and the insertion of lipids (F). Chemical engineering with simple molecules can be carried 
out  in one step through reaction with amino acid side-chains of  EV surface-proteins (G). 
More complex molecules can be coupled chemically to EVs by first introducing azide groups 
that may subsequently be labeled by SPAAC (H). Partially created with BioRender.com.

3.1.1 Genetic engineering

Genetic engineering strategies for surface functionalization of EVs are based on transgene 
expression of proteins or chimeric proteins containing protein domains that are known to be 
enriched in EVs (Figure 2 A & Table 1). This approach was pioneered in the lab of Matthew 
Wood, where it  was shown that expression of rabies virus glycoprotein (RVG) or muscle 
specific peptide (MSP) targeting peptides fused to the N-terminus of EV protein Lamp2b in 
dendritic cells resulted in their expression on the exterior of EVs [49].  This strategy is often 
employed to endow EVs with targeting properties. Indeed, constructs of Lamp2b fused to IL-
3 or to a cardiomyocyte specific peptide increase EV uptake by IL-3-receptor overexpressing 
cells  and  cardiomyocytes,  respectively,  both  in  vitro  and  in  vivo  [50,  51].  In  addition, 
constructs  containing  the  PDGFR  transmembrane  domain  (commercialized  as  pDisplay 
vector) fused to GE11 peptide or the single chain variable fragment of a HIV-1 Env-specific 
antibody have been used to target EVs to breast cancer cells and HIV-1 infected cells  [34, 
52].  Interestingly,  the  PDGFR  transmembrane  domain  has  also  been  employed  to  co-
express two different types of antibodies on the same EV. Antibodies targeting T-cell CD3 
and  tumor  cell  EGFR  recruited  cytotoxic  T  cells  to  cancer  cells,  enhancing  antitumor 
immunity [53]. Similar to endogenous GPI-anchored proteins, which are abundantly present 
in  EVs,  fusing c-terminal  GPI-anchor signal  peptides to targeting proteins results in  their 
anchoring to cellular and EV membranes via GPI. This strategy has been employed to attach 
anti-EGFR nanobodies onto the EV surface, which led to highly efficient binding of EVs to 
EGFR-expressing  cells  [54].  While  these  examples  have  demonstrated  that  targeting  of 
specific cell types by display of targeting moieties on the EV surface is possible, it should be 
noted that biodistribution profiles of targeted EVs remain generally unaltered as compared to 
unmodified EVs [32, 34]. 

Besides targeting properties, genetic engineering strategies may also be employed to endow 
EVs with specific pharmaceutical activity. One straightforward example is the expression of 
TRAIL,  a transmembrane protein that  is known to selectively  induce apoptosis  of cancer 
cells,  in mesenchymal stem cells,  which leads to its secretion on EVs  [55].  Interestingly, 
TRAIL delivered by EVs was much more effective in inducing apoptosis in cancer cells than 
recombinant  TRAIL  (i.e.  soluble,  extracellular  domain  of  TRAIL),  suggesting  that  its 
bioactivity is higher in a fully native membrane-associated form. Similarly, EVs have recently 
been engineered to express decoy receptors that  were able to bind and thereby reduce 
disease  activity  of  pro-inflammatory  cytokines  [56].  Again,  decoy  EVs  displayed  higher 
efficacy  than  clinically  used  soluble  receptors  at  equivalent  doses.  Thus,  the  ability  to 
express (full-length) membrane proteins is a unique feature of EVs as compared to synthetic 
drug delivery systems which offers novel possibilities for treatment.

In  the  context  of  cancer  immunotherapy,  tumor  associated  antigens  can  induce  T  cell 
activation which may be exploited for development of antitumor vaccines. Expressing such 
antigens on the surface of EVs (e.g. as a fusion protein with the C1C2 domain of lactadherin) 
results  in  a  more  potent  antigen-specific  antitumor  immune  response  compared  to  the 
soluble antigens  [57, 58], showing the potential of EVs for vaccine development. Similarly, 
OMVs have been engineered to expose A. baumannii Omp22 or influenza M2e antigens by 
expressing fusion proteins with the transmembrane protein Cytolysin A in OMV parent cells. 



Administration of these genetically engineered OMVs protected against a lethal challenge of 
A. baumannii  or influenza, respectively  [59, 60]. Furthermore, genetic engineering may be 
employed to attenuate endotoxic activity by introducing detoxified LPS [61].

Finally,  genetic  strategies  may  be  also  used  for  engineering  EVs  to  allow  fluorescent, 
luminescent  or  radioactive  tracking,  thereby  avoiding  lengthy  and  artifact-prone  labeling 
procedures after EV isolation. Fusion proteins of membrane (associated) proteins fused to 
fluorescent  or  luminescent  proteins  enable  live  evaluation  of  EV  cellular  uptake,  tissue 
distribution and pharmacokinetics [62, 63]. In fact, multimodal imaging platforms have been 
developed  by  metabolic  biotinylation  of  the  transmembrane  domain  of  PDGFR fused  to 
Gaussia  luciferase, resulting in expression of both biotin and luciferase on the EV surface. 
Conjugation  of  fluorescently  labeled  streptavidin  subsequently  allowed  parallel 
bioluminescence  and  fluorescence-mediated  tomography  imaging  in  mice  [64].  Similarly, 
cellular  expression of fusion proteins of streptavidin and the C1C2 domain of lactadherin 
resulted in streptavidin expression on the EV surface, which allowed coupling of an iodine-
125-labeled biotin derivative and subsequent radioactive EV tracking in vivo [65]. 

Altogether,  these examples highlight  the potential  of  genetic  engineering for  pre-isolation 
modification of EV membranes for targeting, tracking or adding pharmaceutical activity. In 
general,  when  employing  genetic  strategies  for  EV  surface  engineering,  several 
considerations need to be taken into account. Firstly, one should consider the choice of EV 
sorting domain, i.e. the protein domain that is known to be enriched on EVs. In HEK293T 
cells, fusing GFP to tetraspanin CD9, CD63 or CD81 led to significant higher expression on 
EVs as compared to fusing to Lamp2b or the C1C2 domain of lactadherin [66]. Although this 
effect may differ per EV parent cell type, this example shows the need to optimize fusion 
constructs for maximum expression. Secondly, it has been shown for peptide-Lamp2b fusion 
proteins that during EV biogenesis these proteins become exposed to endosomal proteases 
leading  to  peptide  loss  [67].  While  in  this  instance  peptide  loss  could  be  overcome  by 
introduction  of  stabilizing  glycosylation  motifs, it  demonstrates  the  necessity  to  closely 
monitor  the integrity  of  the targeting,  pharmaceutical  or  labeling  moiety  of  interest  when 
employing genetic engineering strategies. 

Table 1: Pre-isolation-modification of EVs.

Surface engineering 
method

Introduced 
moieties

Effects References

Genetic engineering

Fusion proteins with the 
N-terminus of Lamp2b

Rabies viral 
glycoprotein; muscle 
specific peptide

Targeting of the brain or 
muscle-cells

Alvarez-Erviti et 
al., 2011 [49]

IL-3-fragment Targeting of tumor cells 
that overexpress IL-3 
receptors.

Bellavia et al., 
2017 [50]

Cardiomyocyte 
specific peptide, 

Targeting of cardiac tissue Mentkowski et 
al., 2019 [51]

Fusion proteins with the 
PDGFR transmembrane 
domain

GE11 peptide Targeting of breast-cancer 
cells

Ohno et al., 
2013 [34]

HIV-1 Env-specific 
antibody

Targeting of HIV-1 
infected cells

Zou et al., 2019 
[52]



Gaussia luciferase 
and biotin

Multimodal in vivo imaging 
of EVs

Lai et al., 2014 
[64]

Fusion proteins with 
glycosyl-
phosphatidylinositol 
anchored peptides

Anti-EGFR 
nanobodies

Targeting of EGFR-
expressing tumor cells

Kooijmans et al., 
2016 [54]

Fusion proteins with EV 
sorting domain proteins

Expression of decoy-
receptors against 
TNFα and IL-6

Amelioration of 
inflammatory diseases

Gupta et al., 
2020 [56]

Fusion proteins with the 
C1C2 domain of 
lactadherin

Tumor-antigens

Antigen-specific immune 
response, reduced tumor-
growth

Zeelenberg et 
al., 2008 [57]

Antigen-specific immune 
response

Hartman et al., 
2011 [58]

Gaussia luciferase Assessment of EV-
biodistribution

Takahashi et al., 
2013 [63]

Fusion proteins with 
CD63

GFP and RFP Inner- and outer surface-
display

Stickney et al., 
2016 [62]

Fusion proteins with 
bacterial Cytolysin A, 
found on E .coli OMVs

A. Baumannii 
Omp22 antigen

Protection against  A. 
Baumannii infection

Huang et al., 
2016 [59]

Influenza M2e 
antigen

Protection against 
influenza infection

Rappazzo et al., 
2016 [60]

Modification of genes 
responsible for LPS-
production

Changes in LPS-
structure

Reduced toxicity of LPS 
on the OMV-surface

Inactivation of the msbB 
gene

Kim et al., 2009 
[68]

Inactivation of the pagP 
gene

Lee et al., 2011 
[69]

Inactivation of the LpxL 
gene

Van der Ley et 
al., 2001 [70]

Metabolic engineering

Feeding of parent-cells 
with 
L-aziodohomoalanine or 
N-azidoacetyl-D-
mannosamine

Azide-labeling of the 
vesicle surface

Chemical conjugation of 
fluorescent dyes

Wang et al., 
2015 [71]

Parent-cell membrane engineering

Fusion of parent-cells 
with azide-modified 
liposomes

Azide-labeling of the 
vesicle surface

Chemical conjugation of 
fluorescent dyes or tumor-
targeting peptides

Lee et al., 2016 
[72]

3.1.2 Metabolic engineering

Besides genetic engineering, EV parent cells may also be engineered metabolically to endow 
EVs with  new compositions  and function (Figure  2 B &  Table  1).  Metabolic  engineering 



employs the endogenous synthesis and modification processes in cells, and therefore avoids 
the need for genetic manipulation. L-azidohomoalanine (AHA) is an azide-bearing amino acid 
analogue  of  methionine.  When  EV  parent  cells  are  cultured  in  the  presence  of  AHA, 
unnatural azides are being introduced into newly synthesized proteins, and hence also into 
EVs. Similarly, when cells are cultured in the presence of tetraacetylated N-azidoacetyl-D-
mannosamine (ManNAz), azide-bearing saccharides are being incorporated into EV surface 
glycans  [71].  Exposed  azides may subsequently  be used via  bioorthogonal  chemistry  to 
allow EV functionalization  (see 3.2.2.  Chemical  modification).  This  approach has already 
been used to conjugate fluorescent labels and model proteins to EVs [20]. While metabolic 
engineering allows for straightforward EV functionalization, it is difficult to have control over 
the conjugation site specificity and efficiency. 

3.1.3 Direct parent cell membrane engineering

A final  strategy for  modification  of  EV membranes prior  to  EV isolation  is  through direct 
engineering of the parent cell membrane (Figure 2 C & Table 1). This may be achieved by 
using  fusogenic  liposomes  that  fuse  with  cellular  membranes,  thereby  exchanging 
membrane components. When such fusogenic liposomes contain functional lipids or other 
membrane-associated cargo,  these lipids may be transferred to the plasma membrane of 
recipient cells directly, and may hence subsequently be released in EVs. It has been shown 
that this strategy can be used to transfer azide-lipids to parent cell membranes and thereby 
to EVs, yielding EVs with exposed azides that can be functionalized using click chemistry as 
described above [72].  The direct parent cell membrane engineering approach is applicable 
for engineering EVs with various functional moieties. However, it is highly likely that the lipids 
in the fusogenic liposome formulation will also end up in EV preparations, which could result 
in unwanted toxicity and/or immunogenicity. This aspect requires further evaluation. 

3.2. Post-isolation-modification

Surface-modification of EVs can also take place after their isolation. While this requires more 
steps and time to achieve the desired final product, post-isolation surface modification also 
has some advantages. Compared to genetic modification methods, which are limited to the 
expression of  proteins or  peptides  on the surface of  EVs,  the methods described in  the 
following chapter can be employed for all  kinds of molecules or ligands.  Moreover,  post-
isolation-based methods do not require engineering of the parent cell and can thus be readily 
applied to EVs derived from e.g. a patient’s plasma. Finally, no extensive knowledge about 
typical surface-proteins of the vesicles is needed which especially for OMVs is an advantage, 
as their surface-proteins can vary by strain and species and OMVs have not been studied as 
extensively as for mammalian cell-derived EVs  [73]. Methods for the post-isolation surface 
engineering of EVs can be roughly divided in methods based on physical interactions and 
methods based on chemical modifications on the vesicles’ surface. However, there are also 
combinations  of  both  and  combinations  of  chemical-  and  pre-isolation-modification.  One 
crucial challenge of practically all surface modifications done after EV-isolation is the removal 
of unincorporated material. Here a suitable purification- and analytical-method needs to be 
employed that guarantees the purity of the modified EVs while maintaining their integrity and 
activity.

3.2.1. EV purification in post-isolation-modification



As mentioned above, for approaches that modify EVs after their isolation, the method used 
for  their  purification  plays  an  important  role.  Compared  to  pre-isolation  modification  an 
additional  step  of  purification  is  needed  that  must  be  suitable  to  remove  unreacted  or 
unfused material from the modified EVs, not affecting their integrity. The choice of the right 
purification method depends on the nature of impurities that need to be removed. 

For  soluble  impurities  as  encountered  in  chemical  modification,  lipid-post-insertion  and 
adsorption, size exclusion chromatography (SEC) ultrafiltration and ultracentrifugation (UC) 
may be used. SEC is a reliable and established method for EV-purification [74, 75]. Its main 
advantage  is  its  ability  to  very  cleanly  separate  EVs  from  soluble  impurities.  A  major 
disadvantage is the dilution of samples upon purification, which must be considered for its 
application [76]. SEC has been successfully used to remove unbound molecules in chemical 
modification [77-80] and post-insertion [81]. Ultrafiltration is another established method [74], 
which has been employed in chemical modification [77] and post-insertion [82]. Compared to 
SEC, samples are not diluted and can even be concentrated [74]. However, loss of EVs due 
to adhesion to the filter material needs to be studied and the removal of all soluble impurities 
might require multiple washing steps  [83]. The third alternative, which has been used for 
post-insertion [84, 85], chemical modification [80] and adsorption [86] is UC, one of the most 
widely applied purification methods in EV-research [87]. UC however has been associated 
with physical damage to EVs  [88] and it needs to be evaluated carefully whether a single 
centrifugation can sufficiently remove soluble material adhering to the pellet or tube-walls.

For  particulate  impurities  such  as  liposomes  density  gradient  UC  is  currently  the  only 
established  method  for  a  reliable  separation  [89].  Here,  the  density  difference  between 
different particle populations is employed to separate unfused liposomes from the mixture of 
fusion products and native EVs, as exemplified in the paper of Piffoux et al.  [90]. Gradient 
UC is a very mild purification method  [89], the presence of sucrose or iodixanol however 
might require further purification steps and the processing times are very long [91]. A future 
alternative to density gradient UC could be affinity based purification methods that recognize 
markers only present on the surface of EVs and not liposomes, for example using binding to 
phosphatidylserine or EV surface proteins [74, 92]. These methods however have not been 
applied yet for EV surface modification.

In conclusion, the purification method is an important component of post-isolation surface 
modification and should be optimized according to the desired application.

3.2.2. Physical modification

The physical surface modification of EVs can be achieved through fusion with liposomes, the 
insertion of lipophilic moieties into the membrane and the adsorption of molecules to their  
surface.

3.2.2.1. Fusion with liposomes

The ability to easily produce tailor-made liposomes in large quantities makes the fusion of 
liposomes with EVs an attractive approach to obtain modified EVs (Figure 2 D&  Table 2). 
The main  complications  of  this  method are 1)  how to achieve the fusion of  vesicle  and 
liposome and 2) separating the resulting three populations of native EVs, native liposomes 
and  their  fusion-product.  The  fusion  itself  can  be  monitored  through  Förster  resonance 
energy  transfer (FRET)  [93].  After  fusion  with  EVs,  the  complementary  pair  of  lipophilic 
fluorescent  dyes  contained  in  the  liposome  membrane  is  diluted  and  the  measureable 
fluorescence of the donor-dye increases. The dilution of dyes and lipids however can also 



take place by hemifusion,  i.e.  the interaction of  only  the  outer  leaflet  of  two lipid-bilayer 
enclosed  entities  [94].  As  hemifusion  not  necessarily  proceeds  to  full  fusion,  further 
assessment is needed  [90].  This can be achieved through content mixing assays  [95] or 
through oxidation and thus inactivation of one of the FRET-partners in the outer leaflet using 
dithionite, to only assess the mixing of the inner leaflet [96].

In a first study, Sato et al. fused EVs derived from RAW 264.7 cells and HER2-expressing 
CMS7 cells  with  liposomes  of  differing  compositions  [97].  They achieved  fusion through 
freeze-thaw-cycles,  where  the  mixture  of  EVs  and  liposomes  was  shock-frozen  in  liquid 
nitrogen,  and  then  thawed  at  room temperature  for  ten  times.  While  FRET-experiments 
denoted  the  fusion  of  liposomes  and  EVs,  the  possibility  of  hemifusion  events  was  not 
assessed. Moreover, no further purification was performed to remove non-fused particles. 
The results of Sato et al. regarding cell-uptake, i.e. incorporating of cationic lipids decreases 
uptake while  PEGylation increases uptake of  hybrid EVs,  are in  disagreement  with most 
literature on membrane vesicles.  These results highlight the need for  a more throughout 
evaluation  of  freeze-thawing  based  fusion  with  liposomes,  including  also  the  potential 
negative impact freeze-thaw-cycles might have on EV-integrity [42].

Most of the issues discussed above were addressed in the paper of Piffoux and coworkers 
[90]. They developed a method for the PEG-mediated fusion of EVs and liposomes through 
co-incubation with PEG8000. Depending on the ratio of EVs and liposomes, they achieved a 
fusion-efficiency  of  up to 62% after  removal  of  non-fused liposomes by  density  gradient 
ultracentrifugation. To confirm the fusion of EVs and liposomes, they used the method of 
Meers et al. described above to only assess FRET-changes occurring due to mixing of the 
inner bilayer leaflet  [96].Using PEG-mediated fusion, PEGylated EVs were generated that 
showed  an  8-fold  decrease  in  uptake  compared  to  non-PEGylated  hybrids.  In  addition 
soluble liposome cargoes were effectively transferred to hybrid particles, while no significant 
leakage of native EV-cargoes was found.

PEG-mediated  fusion of liposomes with EVs presents itself as a promising method as it can 
perform two challenging operations on EVs at the same time –surface-modification and drug 
loading- without compromising their integrity. Moreover, liposomes can be easily produced 
and  tailored  to  a  specific  drug-delivery  problem,  thus  making  this  method  very  flexible. 
Furthermore, several liposome-based formulations have been successfully translated to the 
clinic and could provide important information for the clinical development of liposome-EV-
hybrids.  The main downside of  this method is  the slow and complicated purification that 
relies on density gradient  ultracentrifugation to separate non fused liposomes from fused 
particles.  Additionally,  liposomes  have  been  associated  with  immunogenicity  that  might 
depend on their phospholipid make-up [98]. Thus, the composition of liposomes fused to EVs 
needs to be evaluated well and mimicking the natural lipid-composition of EVs might reduce 
their immunogenic potential.

Instead of liposomes and mammalian EVs, the recent work of Gnopo et al. was concerned 
with the fusion of bacterial OMVs [99]. They induced fusion of OMVs by changing the pH and 
salt-concentration of the medium and followed the fusion by the dequenching of a fluorescent 
membrane  dye.  However,  the  potential  occurrence  of  hemifusion  was  not  assessed. 
Interestingly they found a differing behavior for native OMVs and those with modified LPS. 
Using this method, hybrid OMVs bearing multiple antigens could potentially be generated for 
future  vaccine  applications.  It  would  also  be  interesting  to  apply  this  fusion  method  to 
mammalian EVs and compare it to PEG-mediated fusion.



3.2.2.2. Lipid-post-insertion into the EV-membrane

Two  other  physical  methods  for  EV  engineering  based  on  the  same  principle  are 
phospholipid-  and  cholesterol-post-insertion  (Figure  2 &  Table  2).  Both  methods  were 
originally developed for liposomes [100, 101]. They allow for the surface functionalization of 
liposomes with the molecules of choice without exposing them to the organic solvents used 
in conventional liposome-preparation.

The lipophilic molecules used in this approach, phospholipids and cholesterol, mainly differ in 
the conditions needed for their insertion and their insertion-stability once incorporated into 
the membrane. Due to the higher phase-transition temperature of phospholipids, a higher 
activation  energy  is  needed  for  their  successful  insertion,  while  cholesterol  inserts  more 
easily. This is reflected in a lower incubation-temperature of as low as 17 °C being needed 
for  cholesterol-insertion  as  opposed  to  the  insertion  of  phospholipids  that  is  typically 
performed at 60 °C [102]. A disadvantage of both variants is the possibility of transferring the 
inserted molecules  in  vivo to other available  membranes and serum proteins  [102,  103]. 
While  the  temperature-requirements  for  cholesterol-post-insertion  are  more  suitable  for 
application  in  EVs,  the  lower  insertion  stability  of  cholesterol-anchored  molecules  is  a 
disadvantage to be considered. As discussed above for lipophilic dyes, leaching of targeting 
moieties  or  therapeutic  cargos  to  other  membranes  in  the  body  might  hamper  the 
applicability of such approaches. Nonetheless, both methods have been optimized for use 
with EVs.

Kooijmans  et  al.  used  phospholipid  post-insertion  to  decorate  EVs  derived  from  mouse 
neuroblastoma cells  and  human platelets  with  PEG and  EGFR-binding  nanobodies  [81]. 
They found that 40 °C was the optimal temperature to balance insertion-efficiency and EV-
stability. While more nanobody was inserted at 60 °C, the damage exerted to the EVs at this 
high temperature abolished all effects on cell binding and targeting of modified EVs. In vitro, 
the desired effects of decreased unspecific cell-binding and increased uptake into EGFR-
expressing cells where observed.  In vivo, pegylation led to an increased circulation time of 
EVs. While targeting of tumors was not achieved in this model, this might have been an issue 
of  the  general  accessibility  of  the  tumors  and  other  tissues  might  be  addressed  more 
effectively.

In another example of phospholipid-insertion, Choi and coworkers introduced mannose-PEG-
conjugates  to  the  surface  of  EVs  to  increase  their  uptake  into  dendritic  cells  through 
mannose receptors [82]. They performed the insertion for 3 h at 37 °C and found that there 
was a linear correlation between the amount of phospholipid-PEG molecules per EV and the 
resulting  insertion.  In  vivo data  demonstrated  an  increased  accumulation  of  mannose-
targeted EVs in lymph nodes close to the site of injection compared to native EVs.

Cholesterol  post insertion has been employed to tether cholesterol-modified siRNA to the 
surface of EVs to silence the huntingtin gene  [84],  human antigen R that plays a role in 
cancer  [85] and CD45 or  eGFP  [104].  The different  parameters for  effective cholesterol-
insertion were extensively analyzed by O’Loughlin et al., who found that an incubation of 1 h 
at 37 °C in a volume of 100 µl would lead to the best results overall. Encapsulation efficiency 
decreased with a higher proportion of cholesteryl-siRNA per EV, while the number of inserted 
molecules per EV increased. The authors’ aim was achieving a high encapsulation efficiency, 
with the siRNA using the inherent drug-delivery capabilities of the EVs to reach its target. 
Thus, they used a low proportion of EVs and cholesteryl-siRNA, while in a setting where 



targeting moieties are to be introduced to the vesicle surface a high ratio might be more 
desirable in order to achieve a higher degree of modification.

While surface-modification of  EVs by insertion of  lipophilic  moieties has been realized in 
different  applications,  the question  of  insertion stability  under  in  vivo conditions  warrants 
special evaluation, as liposomes treated with cholesterol-post-insertion demonstrates only a 
low retention of inserted lipids [102]. Without sufficient insertion stability, the applicability of 
membrane insertion for drug delivery and EV-targeting would be very limited. Additionally, 
based on the current hypothesis of fusion of EVs with the endosomal membrane being the 
main route of cargo-delivery to the cytosol [41], having the cargo inserted in the outer leaflet 
of the lipid bilayer might reduce the effectiveness of its delivery.

3.2.2.3. Adsorption to the vesicle surface

Besides lipid insertion, the surface of EVs can also be modified through adsorption. This 
approach can either be focused on specific features of the EV surface, such as proteins or 
the head-groups of lipids or  it  can rely on more general  properties of  EVs such as their 
negative surface-charge (Figure 2 E& Table 2).

In an approach specifically targeted at the tetraspanin CD63, typically found on the surface of 
EVs,  Gao et  al.  prepared EVs that  carried  a morpholino  oligomer  approved for  the use 
against Duchenne muscular dystrophy [86]. The morpholino-oligomer and a muscle-targeting 
peptide  were fused with a peptide that  strongly  binds to CD63.  Modified EVs effectively 
delivered their cargo to muscles in vivo and led to the subsequent functional improvement in 
a muscle-dystrophy mouse-model.

The adsorption of  cationized pullulan to the EV surface has been the subject  of  another 
publication [105]. The negative surface-charge of EVs allowed the adsorption of spermidine-
modified pullulan, thus significantly increasing their zeta-potential. Pullulan is recognized and 
taken up by liver cells and indeed EVs with adsorbed cationized pullulan on their surface 
demonstrated  enhanced  uptake  into  HepG2  cells  in  vitro and  significantly  increased 
accumulation in the liver in vivo compared to native EVs.

In general, physical methods for EV-engineering have not been explored as extensively as 
methods based on genetic manipulation. However, especially PEG-mediated fusion of EVs 
and liposomes constitutes a very promising basis for future applications, as it allows for the 
simultaneous  encapsulation  of  drugs  and  introduction  of  targeting  moieties,  without 
negatively affecting EV-integrity.



Table 2: Post-isolation-modification of EVs.

Surface engineering method Introduced 
moieties

Effects References

Physical modification

Fusion with liposomes

Fusion using freeze-thaw-cycles PEGylated and 
cationic lipids

Reduction / 
increase of 
interaction with 
cells 

Sato et al., 
2016 [97]

PEG8000-mediated fusion PEGylated 
lipids; cargo-
encapsulation

Reduced uptake 
into macrophages; 
increased delivery 
of encapsulated 
photosensitizers

Piffoux et al., 
2018 [90]

Lipid-post-insertion

Phospholipid-insertion PEGylated 
lipids and lipids 
modified with 
EGFR-binding 
nanobodies

Targeting of EGFR-
expressing cells in 
vitro, increased 
circulation-time in 
vivo

Kooijmans et 
al., 2016 [81]

Cholesterol-insertion Cholesterol-
modified siRNA 
to silence the 
huntingtin gene 
(a), antigen R 
(b) and CD45 
or eGFP (c)

Silencing of target-
genes

(a) Didiot et 
al., 2016 
[84]; (b) 
O’Loughlin et 
al., 2017 
[85]; (c) 
Stremersch 
et al., 2016 
[104]

Surface adsorption

Adsorption through a CD63-specific 
peptide 

Peptide-bound 
muscle 
targeting 
peptide or 
morpholino 
oligomer 
against muscle-
dystrophy

Targeting of 
muscles; functional 
improvement in a 
muscle-dystrophy 
mouse-model

Gao et al., 
2018 [86]

Electrostatic adsorption Cationized 
pullulan

Increased liver-
uptake

Tamura et 
al., 2017 
[105]

Chemical modification

One-step introduction through activated 
esters.

Fluorescent 
dyes

Quantification of 
EV-uptake

Kooijmans et 
al., 2018 [78]

Biotinylated 
PEG-
derivatives

Binding of FITC-
labeled streptavidin

Choi et al., 
2019 [82]

Two-step introduction using alkyne-
azide cycloaddition

Fluorescent 
dyes using 
CuAAC

Generation of 
fluorescently 
labeled EVs

Smyth et al., 
2014 [79]



cRGD-peptide 
using SPAAC

Targeting of 
ischemic lesions, 
inhibition of 
inflammatory 
responses

Tian et al., 
2018 [80]

Two-step introduction using 6-
hydrazinonicotinate acetone hydrazine and 
4-formylbenzoate conjugation

Quantum dots Generation of 
fluorescently 
labeled EVs

Zhang et al., 
2020 [77]

3.2.3. Chemical modification

In chemical approaches to the EV surface modification, vesicles are engineered through the 
covalent  linkage  of  molecules  to  their  surface  (Table  2).  The  most  abundant  suitable 
functional groups on the EV surface are the amino groups available in lysine side-chains and 
the N-termini of EV surface-proteins.  They can be easily addressed using activated esters, 
e.g. N-hydroxysuccinimide esters (NHS esters). Amino groups can be used directly as the 
anchor-point  for  chemically  simple  molecules,  such  as  fluorescent  dyes  [78] or  PEG-
derivatives [82] (Figure 2 G). However, in case of more complex biomacromolecules, such as 
antibodies, a two-step approach needs to be employed. First, the activated ester is used to 
endow the vesicles  with  a  functional  group that  subsequently  selectively  reacts with  the 
molecules used for surface modification in biorthogonal reactions (Figure 2 H). 

In  addition  to  activated  esters,  these  functional  groups  have  also  been  introduced  by 
metabolic labeling as described above  [71] and by physical means through lipid-insertion 
[106]. While many biorthogonal reactions could potentially be employed in this setting [107], 
researchers have mainly  focused on azide alkyne cycloaddition reactions to date.  These 
reactions can be divided into copper-catalyzed alkyne–azide cycloaddition (CuAAC) and its 
strain-promoted  counterpart  (SPAAC).  CuAAC  can  reach  higher  rate  constants  and  the 
simple alkynes needed in these reactions are chemically more accessible and less bulky 
than the strained cyclooctynes employed in SPAAC. However, the latter approach does not 
require the addition of Cu[I]-ions. These ions might cause oxidative damage to EV surface-
proteins and need to be thoroughly removed from the vesicles before EV-application in vitro 
and in vivo, due to their toxicity. To what extent copper ions might damage EVs has not been 
explored yet.

In  a first  example Smyth et  al.  introduced pentinoic  acid to vesicle surface proteins  and 
subsequently  coupled  an  azide-functionalized  fluorescent  dye  via  CuAAC  [79].  SPAAC 
between dibenzocyclooctyne (DBCO) on the surface of EVs and an azide-labeled cRGD-
peptide was employed to produce EVs that selectively targeted ischemic lesions in the brain 
of mice [80]. SPAAC has also been employed for the modification of EVs labeled with azides 
through metabolic engineering  [71] and direct parent cell membrane labeling as described 
above [72].

A similar approach was employed by Zhang et al., who instead of azide-alkyne cycloaddtion 
used the reaction of 6-hydrazinonicotinate acetone hydrazine (HyNic) with 4-formylbenzoate 
(4FB) [77]. They used this method to couple quantum dots to EVs derived from semen and 
rat  brain  tissue  and  followed  the  interaction  of  labeled  EVs  with  vaginal  epithelium  and 
murine microglia cells in vitro. HyNic was linked to the EVs using a NHS ester, while a 4FB 
NHS ester  was linked to quantum dots functionalized  with  amine PEG. The conjugation 
between  quantum  dots  and  EVs  proceeded  very  fast  and  quantum  dot-labeled  EVs 



demonstrated a better resistance to photobleaching than EVs labeled the commonly used 
membrane dye DiI [77].

While the basics of chemical surface engineering of EVs have been explored, there are still 
opportunities  to  further  optimize  its  application.  The  mild  reaction  conditions  and  high 
selectivity of SPAAC that have led to its wide application,  even for direct labeling  in vivo 
[108], predestine it as the reaction of choice for EV-labeling. With its easy implementation, 
chemical  modification  of  EVs has great  potential  as a  standardized method that  can be 
readily applied to endow EVs derived from different sources with a wide variety of targeting 
moieties,  fluorescent  dyes or PEG-derivatives.  However,  to reach this goal the effects of 
chemically linking molecules to the amino groups of functional EV surface-proteins warrants 
further  evaluation,  as  these  modifications  might  affect  the  natural  activity  of  EVs  to  an 
unknown extent. In addition, the presence of non-vesicular material carried over from the 
medium  e.g.  after  ultracentrifugation  or  PEG-precipitation  can  lead  to  unwanted  side-
reactions that could interfere with the surface modification of the vesicles [109]. Thus, during 
the development and optimization of chemical surface engineering the purity of EV-samples 
needs to be taken into account.

3.3. Outlook on surface engineering in future applications

As described in chapter two, there are many applications, in which surface engineering of 
EVs could be of great benefit for their eventual application as therapeutics and drug-delivery 
vehicles. For future broad clinical translation, three methods have emerged that show the 
highest potential:  genetic engineering, PEG-mediated fusion with liposomes and chemical 
modification.

Genetic engineering is the most well explored method for EV surface modification. It allows 
for a good control over the produced EVs and, while the initial expression of the required 
fusion protein requires considerable effort, once the respective cell line has been established 
no further work to generate modified EVs is needed. This makes it ideal for the large scale 
production  of  EVs.  Further  proteomic  research  of  vesicles  from  sources  other  than 
mammalian  cells,  such  as  OMVs  and  membrane  vesicles  derived  from  gram-positive 
bacteria  will  make  the  transfer  of  genetic  engineering  methods  also  to  these  EV-types 
possible. Thus, genetic engineering will likely be the method of choice for the engineering of 
EVs for future clinical translation.

However,  genetic  manipulation  of  parent  cells  has  some limitations  where  post-isolation 
techniques  could  be  advantageous.  Genetic  engineering  is  limited  to  protein  or  peptide 
expression. Thus, it is not applicable for synthetic small molecules or emerging approaches 
of  aptamer-based EV-targeting  [110,  111].  In  smaller  scale applications,  e.g.  while  using 
autologous  EVs,  the  inconvenience  of  additional  purification  steps  for  post-isolation 
modification might be preferable to the work-intensive  and complicated expression of fusion 
proteins. Here, the development kits for the direct modification of EVs regardless of their 
provenience could be realized in the future.

PEG-mediated fusion of  liposomes and EVs showed high efficiency  and the prospect  of 
simultaneous drug-loading and surface engineering makes it a very interesting method [90]. 
However, the method would still  benefit  from more reports of its practical application that 
might indicate disadvantages that would need further optimization. PEG-mediated fusion is 
currently  limited  by  the  required  purification  of  fused  particles  by  density  gradient 



ultracentrifugation,  as  this  method  is  slow  and  upscaling  for  potential  future  industrial 
production of modified EVs is difficult. This problem could be mitigated by the introduction of 
other methods that can differentiate between hybrid particles and non-fused liposomes. For 
example, both populations could be separated using phosphatidylserine binding molecules 
[92].  Due  to  the  differences in  membrane  structure,  fusion  with  liposomes  might  not  be 
applicable to OMVs, which is supported by our own unsuccessful attempts in cholesterol-
post-insertion into OMVs (unpublished data).

Finally,  chemical  modification  has  good  potential  for  the  development  of  standardized 
methods to label EVs. As current approaches mainly depend on the amino groups of proteins 
on the EV surface, chemical modifications could be readily applied to all kinds of EVs, as 
surface-proteins  are  a  feature  they  all  have  in  common.  The  covalent  linkage  of  the 
molecules of interest could prevent the dissociation of these molecules from the vesicles, as 
may occur for inserted lipids in liposomes [102]. The main hindrances for chemical surface 
engineering are its reproducibility across different types of EVs, which needs to be further 
evaluated, and the requirement for a multistage process with multiple purification steps. The 
impact of the latter issue might be diminished in the future, as optimized methods for the 
large scale purification of EVs are developed.

In conclusion, new research illustrates the importance of surface modification of EVs as part 
of the effort for their clinical translation. Many different methods to achieve the installation of 
new moieties  on the vesicles  have been explored and some have emerged as powerful 
methods to equip EVs with targeting moieties and new pharmaceutical activity.
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