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A systematic review on the modifications Gl

of extracellular vesicles: a revolutionized tool
of nano-biotechnology
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Abstract

Background: Tailoring extracellular vesicles (EVs) can bequeath them with diverse functions and efficient perfor-
mance in nano-biotechnology. Engineering and modification of EVs improves the targeted drug delivery efficiency.
Here, we performed systematic review of various methods for EVs modifications.

Methods: PubMed, Scopus, ISI Web of Science, EMBASE, and Google Scholar were searched for available articles on
EVs modifications (up to March 2021). In total, 1208 articles were identified and assessed, and then only 36 articles
were found eligible and included.

Results: Six studies demonstrate the application of click chemistry, seven studies used co-incubation, two stud-
ies used chemical transfection, four studies implicated electroporation and sonication approach for modification of
EVs. Moreover, two studies utilized microfluidics as suitable approach for loading cargo into EVs, while eight studies
showed freeze—thaw method as feasible for these biological nanoparticles.

Conclusion: Freeze—thaw approach is found to be convenient and popular among researchers for performing
modifications in EVs for the purpose of targeted drug delivery loading. Clinical-grade EVs production with good clini-
cal practices (GCPs) is challenging in the current scenario. More studies are needed to determine the best suitable
approach for cargo loading of EVs that may be exploited for research and therapeutic use.

Highlights

+ Extracellular vesicles (EVs) can be modified using various methods available including physical, chemical and
engineering based. These tailoring methods are helpful in targeting drug delivery to treat various diseases.
Moreover, EVs have the ability to modify that’s due to presence of lipid bilayer membrane, that’s effectively par-
ticipate in loading and unloading of desired drug.

+ EVs expressed from the specific cell types can give useful information about the pathogenesis of a particular dis-
ease in the form of unique nucleic acids, protein and lipid sequences and therefore, EVs derived from these cells
can be used as specific diagnostic biomarker for diagnosis of diseases.

+ Modified EVs using various drugs or miRNAs can be used for targeted drug delivery to specific cells.
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Introduction

Extracellular vesicles (EVs) are naturally occurring nano-
particles of endosomal origin released from a wide variety
of cells. They are membrane-bound vesicles ranging in
size from 30—150 nm with a cup-shaped morphology, as
seen under a scanning electron microscope (SEM), along
with a floatation density of 1.10-1.21 g/mL in a sucrose
gradient column [1]. The exosomal cargo is mostly rich
in proteins (including tetraspanins (CD9, CD63, and CD
81), MHC class I and II, and heat shock proteins (HSP
60, 70, and 90), lipids, sugars, and nucleic acids [2]. The
cargo imparts functionality to the EVs for different cellu-
lar communications, like paracrine, autocrine, endocrine
and/or juxtacrine signaling [3], while surface proteins
identify the EVs for cargo delivery.

Three types of EVs exist that are classified based
on size and biogenesis, the smallest being exosomes
(30-150 nm), followed by microvesicles and apop-
totic bodies (larger than 100 nm). EVs are released
into the extracellular environment after multivesicu-
lar bodies (MVBs) fuse with the plasma membrane,
while microvesicles and apoptotic bodies are released
directly by the plasma membrane of living and dying
cells, respectively. EVs release involves various steps:
the formation of early endosomes, the fusion of MVBs
containing intraluminal vesicles (ILVs) with the plasma
membrane by exocytosis, and the release of EVs in
the extracellular space [4]. EVs are present in all bod-
ily fluids secreted by cells, including blood [5], urine
[6], plasma [7], breast milk [8], saliva [9], bile, synovial

fluid, semen, amniotic fluid, ascites fluid (peritoneal
cavity), and bronchoalveolar and gastrointestinal lavage
fluid [10]. Biomolecules present both inside and on the
surface of EVs are important markers for their isolation
and characterization. As per the International Society
for Extracellular Vesicles (ISEV), vesicles isolated from
any type of extracellular fluids (i.e., any bodily fluids or
cell culture-conditioned media) are referred to as EVs
[11]. ISEV has also defined experimental guidelines for
the characterization of EVs [11].

Liposomes, micelles, and polymer-based nanomateri-
als are the most commonly used drug delivery agents for
clinical studies, and these have been curated over time to
improve the solubility, efficacy, and stability of drugs [12].
However, clinical trials with these systems have been
associated with limitations like immunogenicity, poor
bio-distribution, and a short half-life. Therefore, to over-
come these limitations, researchers have sought alter-
natives for delivery vehicles that are endogenous to the
cells/tissue.

EVs have been exploited as drug delivery vehicles in
several studies and possess an edge over the available
drug delivery protocols in therapeutics [12—14]. Figure 1
depicts the increasing global trend in publications related
to EVs research over the past 30 years (1989-2019). The
dynamic composition of EVs allows for the tailoring of a
“cargo of interest” for enhanced efficacy and specificity.
Additionally, EVs may be modified for prolonged circula-
tion time, specific target cell recognition using cell sur-
face markers, negligible toxicity, and immune tolerance.
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Fig. 1 aTrends of publications and major discoveries regarding exosomes. b Publication trends in Exosome research field from 1989 to 2019 (red
dotted line: the prediction trends, blue line: the original trends). (Adapted from Reference [62] and [63] respectively under open access article

EVs can be simultaneously manipulated with multiple
types of deliverables, like drugs, proteins, and coding/
non-coding nucleic acids. However, further studies are
required to evaluate whether there exists any sort of
allogeneic immune rejection among EVs from different
donors and recipients [15, 16].

EVs have a diverse physiological role in the immune
system, cell-to-cell interaction, central nervous system
(CNS), tissue regeneration therapeutics, cardiovascular
diseases (CVDs) and COVID-19 [17]. Moreover, the defi-
nite role of EVs remains elusive. In previously published

literature it was found that EVs extracted from the den-
dritic cells (DCs) bearing peptide MHC-I, II, CD80/B7.1
and CD86/B7.2 induces immunomodulation through
activation of CD4+and CD8+ T-lymphocytes [17]. EVs
were also found to mediate immunosuppressive effects
on natural killer (NK) cells and T lymphocytes [17].
EVs derived from oligodendrocytes (ODCs) enriched
with prime components of the myelin sheaths including
myelin basic protein (MBP), myelin proteolipid protein
(PLP) and oligodendrocyte glycoprotein (OG) along with
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several essential factors and protein that is needed for the
vital functioning of axons [18]. In one of the previously
published studies, ODCs derived EVs helps in protect-
ing neurons from oxidative stress (OS) and control the
biogenesis of the myelin sheaths (MS) [19]. EVs also play
important role in angiogenesis and cardiovascular dis-
eases (CVDs). In one of the previously published study,
it was found that EVs derived from the CD34+ stromal
cells showed a therapeutic effect on angiogenesis, both
in-vitro and in-vivo [20]. In another human study, EVs
showed a cardio-protecting role in myocardial ischemia
(MI) reperfusion injury mediated through paracrine
effects of these EVs [21]. This review predominantly
focuses on recent approaches used for EVs modification
and clinical applications of these EVs for therapy and
diagnostics.

EVs biogenesis is a constitutive phenomenon that
is initiated with an inward invagination of the plasma

membrane, leading to the formation of early and late
endosomes in the cytosol by the cells. The late endo-
some/MVB membrane invaginates further and forms
ILVs inside large MVBs. Inward invagination of the
endosomal membrane is accompanied by the engulf-
ment of several proteins and numerous cytosolic
components. Later, these MVBs fuse with the plasma
membrane and release the EVs by exocytosis in the
extracellular space, as depicted in Fig. 2. Previous stud-
ies have elucidated that MVB biogenesis [17], vesicle
budding, and EVs cargo sorting are either dependent
on or independent of the endosomal sorting complex
required for transport (ESCRT), which is complex
protein machinery consisting of four subunits, (0 to
III). The ESCRT-mediated cargo sorting mechanism
involves the identification and sequestration of ubiq-
uitinated proteins to specific sites of the endosomal
membranes. Further, sequential interaction with other
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subunits (I, II, and III) completes the complex and ini-
tiates the budding process. Sorting protein Vps4 helps
in the detachment of the ESCRT III complex from
the MVB membrane, leading to the formation of ILVs
from cleaved buds. Meanwhile, the ESCRT-independ-
ent mechanism involves the interplay of proteins and
lipids, such as tetraspanins (CD81), ceramides and
others. Whether or not EVs biogenesis and cargo sort-
ing will be ESCRT-dependent/independent primar-
ily depends on the parent cell type responsible for EVs
production, and this, in turn, is affected by the physi-
ological status of the parent cells stimulated, stressed,
or differentiated).

Diverse cell lineages secrete EVs with various cargo
contents (proteins, lipids, and nucleic acids) [18]. A major
proportion of the cargo comprises proteins, such as tet-
raspanins, heat shock proteins, cell adhesion proteins,
membrane transport proteins, cell-signalling proteins,
transcription proteins, and trafficking membrane fusion
proteins. Moreover, lipid-profiling studies have revealed
that phosphatidylserine (PS), phosphatidicacid, choles-
terol, sphingomyelin (SM), arachidonic acid, prostaglan-
dins, leukotrienes, and other fatty acids are some of the
lipids commonly found in EVs. In addition to lipid com-
ponents, EVs contain diverse non-coding RNAs, includ-
ing miRNA, small nuclear RNA, small nucleolar RNA,
long non-coding RNA, piwi-interacting RNA, rRNA, and
tRNA [19-25].

In this systematic review, we present the currently
available knowledge concerning suitable methods for the
loading or delivering of the desired cargo into EVs that
can be further translated for clinical purposes, such as in
the treatment of various diseases. Our analysis provides
evidence-based help for researchers and clinicians to
exploit the field of EVs.

Materials and methods

The present systematic review was framed following the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [26].

Literature search

Published articles were selected from PubMed, Sco-
pus, ISI Web of Science, EMBASE, and Google Scholar
by searching for all available articles on modifications of
EVs (up to March 2021). Searches were made using key-
words: “extracellular vesicles” (Medical Subject Headings
(MeSH) OR “Click Chemistry” (MeSH) OR “Co-Incu-
bation” (MeSH) OR “Chemical transfection” (MeSH)
OR “Electroporation” (MeSH) OR “Sonication” (MeSH)
OR “Extrusion” (MeSH) OR “Freeze—thaw” (MeSH)
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OR “Genetic engineering” (MeSH) OR “Microfluidics”
(MeSH). Two investigators screened the titles, aims and
abstracts of the published articles to determine eligi-
ble articles for the present study. The same investigators
evaluated full-length articles, and inclusion and exclusion
criteria were applied to each article. Moreover, the same
investigators screened the references of the initial eligible
articles to identify all eligible articles for inclusion in the
final list.

Inclusion and exclusion criteria

Research papers screened during the literature search
followed the following inclusion criteria for the present
study: (1) Modification of EVs; (2) laboratory-based mod-
ification of EVs; (3) loading of drugs into the EVs, and (4)
published an original article with all full-text literature
and properly cited references. The following studies were
excluded: (1) insufficient reported data with non-cited
references; (2) published conference proceedings; (3)
published review articles, letters, or text not in the Eng-
lish language; or (4) repetition of previously published
articles.

Data extraction

The author’s names, year of publication, country of ori-
gin, and types of methods used to modify the EVs were
extracted. Outcomes were noted in the form of a best-
suited method for the modification of EVs that may have
translational potential in clinical setup under GCP guide-
lines [27].

Results

A total of 1208 articles were screened; among them,
280 non-duplicate publications were identified. After
the screening of titles and abstracts, 174 publications
were excluded; then, another 70 published papers were
excluded after the full-text screening of 106 published
articles. The remaining 36 studies were included in this
systematic review (Fig. 3). Network and density visualiza-
tion of the studies included in this systematic review is
demonstrated in Fig. 4.

Study characteristics

Study characteristics of the eligible studies showed that
most authors performed EVs modification and func-
tionalization using the freeze—thaw method and co-
incubation approach (Table 1). Seven studies used
co-incubation to produce functional EVs that have a
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pioneering role in the treatment of various diseases,
like cancer and other immunological complications.
Moreover, eight eligible studies exploited the freeze—
thaw approach for the surface modification of EVs. Click
chemistry (CC) [27-32], freeze-thawing, co-incubation
[15, 33-38]. Two studies used chemical transfection-
based modification, which thus demonstrated the least
preferred method for EVs modifications [39-44]. There
were equal numbers of electroporation-assisted [41-44]
and sonication approach-based [45-54] studies con-
tributing four eligible studies each for EVs modification.
Genetic engineering (GE) is gaining popularity as they
are a widely used approach for EVs modification [55-59].
Moreover, microfluidics, a recently developed approach
for EVs modification, showed the least number of studies
(only two within the last 10 years) [60, 61].

Systematic review

Six studies exploited the CC approach for the modifica-
tion of EVs [15, 31-35]. Two studies published in 2014
followed by one published in 2015 used a CC approach
for the surface functionalization of EVs for targeted
drug delivery. In one of the published studies, authors
used copper-catalyzed azide-alkyne cyclo-addition of
azide-fluor 545 with EVs to assess internalization [27].
The authors further noticed that a 50 kDa exosomal
protein efficiently binds 1.5 alkyne groups on its surface
[27]. In a similar recently published study, the authors
labeled the EVs surface with fluorescent probes using a
CC approach to monitor the real-time tracking of EVs
uptake within cells [28]. Similarly, CC has been exploited
by authors for drug targeting, labeling of the EVs surface,
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Fig. 4 A Network visualization of the studies distributed in the systematic review associated with the exosomal modifications. B Density
visualization of the studies distributed in the systematic review

and attachment of probes for tracking [27-32]. The CC
approach is quite popular and still is in use currently. CC
is depicted in Fig. 5.

Click chemistry is associated with several advantages
and disadvantages. The advantages being, it is cost-effec-
tive and can be initiated in water without the need for a
deoxygenated environment. The absence of non-aromatic
double bonds within bio-macromolecule restricts unde-
sirable side chain reaction occurrence. This method is
environmentally friendly. The main limitation associ-
ated with the click chemistry is the reducing agent that
might reduce Cu+2 to Cu0. This may be overcome by
the incorporation of optimum concentration of reducing
agent to catalyst ratio or using copper-stabilizing agents
such as native cyclodextrins and tris- (hydroxyl propyl-
triazolylmethyl) amine (THPTA). Adverse impact on the
human body is also among the main biological limitation
of this approach. Excessive use of copper may lead to sev-
eral associated side effects including neurological disor-
ders. The main cause of toxicity associated with copper
is the chemistry behind the reaction. Copper can readily
accept and donate single electrons to change oxidation
states thereby initiating in-vivo reduction of hydrogen
peroxide to hydroxyl free radicals.

Co-incubation for exosomal modification is a popular
method for dealing with nano-vesicles. In the present
systematic review, seven studies used the co-incubation
approach for the modification of EVs [15, 33-38]. In the
co-incubation method, no external factor is applied to
mediate the modification process. Figure 6 depicts the

co-incubation method used for loading the target drug
into EVs using a simple stirring process. In one study, the
authors loaded sinoporphyrin sodium into EVs using the
co-incubation approach, which was later used in thera-
peutic and imaging applications [34]. In another study
on co-incubation, motile fluorescent sperm was noticed
upon 48 h co-incubation with Vybrant dye-labeled EVs
derived from endometrial cells [35]. In another study,
EVs were loaded with curcumin using the co-incubation
method for the treatment of brain inflammatory disease
[15]. In another study, an engineering approach has been
described in the modification of EVs [36]. Though proven
to be useful for modification of EVs for their enhanced
functionality with the desired cargo, this method is asso-
ciated with some limitations as it affects the size of EVs,
results in low yield, low entrapment and uncontrolla-
ble drug loading. It is a time-consuming approach due
to passive diffusion. In this approach, a large amount
of drug or cargo is needed to be delivered into the EVs.
Hydrophilic cargo also faces problems in loading due to
the outer lipid membrane of the EVs. However, it is a safe
approach as it is non-toxic.

Chemical transfection or lipofectamine transfection-
based modification offers limited choices for using this
safer approach. Only two studies claimed to exploit
chemical transfection for exosomal modifications [39,
40]. In these two studies, authors used chemical trans-
fection to deliver siRNA and the CRISPR/Cas9 system,
respectively [39, 40]. This approach is depicted in Fig. 7.
Another advantage of using transfection agents like
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l EDC+NHS+4-pentoic acid

[ Room temperature +24h

o=® Protein ®Lipid.

Fig. 5 Surface modification of EVs using click chemistry reactions depicting

N-(3-(Dimethylamino)propyl)-N-ethylcarbodiimide, NHS: N-hydroxysuccinimide

the addition of alkyl groups to the EVs surface. EDC:

lipofectamine 2000 is that it can transfect a wide range
of different cell types for a stable and longer duration.
Moreover, the cons of this approach are cellular toxicity
leading to high cell mortality along with immune rejec-
tions. Also, lipofectamine 2000 shows autofluorescence
which might be interfering in fluorescence studies of
delivering cargos. This approach is quite expensive and
can’t be recommended for scale-up implications.
Electroporation is another preferred method for the
modification or loading of EVs for therapeutic and
diagnostic purposes. In this method, an electrical field
is applied to initiate the formation of pores in the lipid
envelope of EVs in which the cargo of interest is placed;
then, the membrane is resealed. Figure 8 shows a repre-
sentation of the electroporation approach for loading of
desired cargo. Four studies exploited the electropora-
tion method [41-44]. In one of these studies, CRISPR/
Cas9 was loaded into EVs using electroporation [41], and
another loaded the drug paclitaxel into EVs for cancer
treatment [42]. Similarly, other studies mentioned in this
systematic review used electroporation to modify EVs for
the treatment of various cancers [43-45]. Electropora-
tion is a convenient approach for large-sized molecules
like siRNA that may not passively be loaded into the EVs
using co-incubation of chemical transfection. Smaller
sized cargo can be efficiently incorporated through this
approach. However, some limitations are also associ-
ated with this approach such as aggregation of siRNA
and EVs due to the application of electric current thereby

reducing the loading efficiency of the system. Moreover,
an electric current of higher intensity may cause non-
reversible disturbance in the phospholipid bilayer thus
disrupting the structural integrity of the EVs leading to
instability of these vesicles. It is necessary to optimize the
electric current application according to the size, nature
and surface charge of the cargo that has to be delivered
inside the EVs.

Eight studies used a freeze—thaw method for EVs modi-
fication [46-53]. Using freeze-thawing, Sato et al. fused
EVs with liposomes to make engineered hybrid EVs
[46]. Figure 9 depicts the fusion of liposomes and EVs
through the freeze—thaw approach. Other studies also
used this modification approach for a variety of applica-
tions, including cancer treatment, labeling, and loading
of the desired cargo or drug into EVs [47-53]. This is the
most widely used, preferred, and accepted method of
EVs modification applied by researchers for drug target-
ing and therapeutics. The main advantage of this method
is the maintenance of exosomal membrane integrity
throughout the cargo loading process. Animal cells
derived EVs shown stability at low temperatures and also
the repeated freeze—thaw cycles cannot affect the phys-
icochemical and structural properties. However, some-
times more cycles of repeated freeze—thaw may lead to
aggregation of EVs thereby contributing to the broad size
distribution of cargo. This approach has low efficiency of
cargo loading compared to the sonication and extrusion
approach. Repeated freeze—thaw cycles may also hamper
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Fig. 6 Modification of EVs using co-incubation of EVs with the drug or cargo upon continuous stirring
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Fig. 7 Modification of EVs using a chemical transfection agent, such as lipofectamine 2000

the fluorescence related study for the EVs due to the lipid
dilution ratio.

Sonication is also among the preferable methods for
loading drugs into EVs and surface modification. Four
studies utilized sonication for the modification of EVs
for various purposes [52—55]. The sonication method of
loading cargo into EVs is suitable for biological molecules
like small RNAs. This method has high loading efficiency
too. Certain limitations like EVs membrane deformation,
development of shearing forces, heat generation during
the sonication cycle, loosing of EVs surface proteins and

non-suitability for hydrophobic drug delivery are associ-
ated with this approach.

Genetic engineering of EVs is an easy and convenient
approach for modification to deliver new characteristics.
This approach was used in five studies [56—61]. Alvarez-
Erviti and coworkers used genetic engineering to deliver
siRNA into the mouse brain through systemic injection
of targeted EVs [59]. Figure 10 shows the genetic engi-
neering approach for the synthesis of engineered EVs.
Using this approach parent’s cells produce a homog-
enous population of EVs loaded with the fabricated or
desired property. No cell toxicity was reported using this



Raghav and Jeong Journal of Nanobiotechnology ~ (2021) 19:459 Page 13 of 19

Electric field

00000

[e)eYe]e]

Desired cargo

Exosome Madified exosome

o2® Protein ® Lipid O Pores
Fig. 8 Depiction of electroporation technique for delivering the desired cargo inside EVs through pores created under application of electric field
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Fig. 9 Freeze—thaw approach of EVs surface modification
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Fig. 10 Strategy for engineering EVs displaying targeting ligands. The figure is showing engineering approach for modification of EVs. The plasmid
having desired gene of interest is inserted and transfected into the nucleus of the cells. Cell culturing of these transfected cells lead to secretion of

>

modification method. The versatility of this method is
that it allows the loading of RNA, DNA, and peptides of
choice into the EVs. Choice of specific EVs derived cells is
an associated limitation of this method. Tumour derived
EVs might interplay in the premetastatic niche and ini-
tiate negative effects. Although studies are not enough
to decide the negative effects of these EVs derived from
tumour cells. Another limitation is the use of the adeno-
viral gene; this is because in some cases humans have
shown immune response.

Two authors have used a recently developed technique
named microfluidics for EVs modification [60, 61]. The
design of the microfluidics platform is shown in Fig. 11.
In one study, microfluidics was utilized in the synthe-
sis of synthetic EVs containing mRNAs, proteins with
a shape similar to those used in drug delivery [60]. In
another study, authors used a microfluidics approach by
integrating cell harvesting, antigenic modifications, and
photo-release of surface-engineered EVs on one poly-
dimethylsiloxane (PDMS) platform [61]. Microfluidics

technology is a recent approach for the modification of
EVs with desired cargo. Due to its low cost, time saving,
short processing time, preservation of EVs integrity, sta-
bility maintenance, high throughput precision, and low
sample volume, this loading approach is gaining atten-
tion nowadays in EVs therapeutics. Another advantage of
microfluidics is the opportunity to couple with automa-
tion that is helpful in mass-scale cargo loading for clinical
settings. This technique offers a clear benefit over other
cargo loading methods. The only disadvantage with this
method is that sometimes polymeric material or non-EVs
ingredient causes co-precipitation along with EVs.

Discussion

Through this detailed systematic analysis of the pio-
neer publications we gathered a global picture of the
EVs modification approaches that can be exploited for
efficient drug delivery. The significant increase in num-
ber of publications related to EVs modification; prove
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Fig. 11 a Microfluidics approach of microfluidic EVs isolation featured. The pump-assisted entry of EVs into micro channels of the device enable
capturing of EVs that might be helpful in loading of the desired drug/cargo. b Single channel Exochip (c) Experimental setup using a 3 channels
Exochip. (Adapted from Reference [64] under open access article distributed under the Creative Commons Attribution 3.0 Unported Licence)

their efficiency and capacity to carry out a vast array of
therapeutic molecules in treatment of various diseases.
These tailoring approaches further exploited the repro-
gramming of EVs, loading of desired targeted drugs, and
tracking of EVs for diagnostics. Table 1 demonstrates
the application of cargo-loaded EVs in the treatment of
various human diseases. Considering the findings of the
present study, the freeze—thaw method is the most rec-
ommended approach for the modification of EVs, fol-
lowed by co-incubation.

The present systematic review analysis showed that
freeze-thawing is a simple, easy, and time efficient phys-
icochemical mechanism that can produce hybrid EVs
due to membrane fusion. This process relies on the dis-
ruption of the lipid bilayer membrane due to the forma-
tion of temporary ice crystals [46]. In other words, this
process could be described as the removal of water mol-
ecules present within hydrophilic moieties of the lipid
bilayer membrane as the EVs freeze, thereby disrupting
the structure of the EVs and initiating phase changes and
reconstitution of the membrane. The authors of the cited
studies successfully reprogrammed EVs by utilizing the
freeze—thaw process [46-53].

This process involves several cycles of freezing (in
liquid nitrogen,—210 °C) and thawing (at room tem-
perature), which disturbs the EVs membrane integrity,
thereby causing the cargo (liposomes, drugs, nano-par-
ticles, and peptides) to enter inside or fused with mem-
brane as shown by recently published study (Fig. 9)
[46]. In Table 2 various modification approaches were

described that acted as a revolutionized tool in biotech-
nology. EVs were also been exploited as intervention
therapy with the advancement in biotechnology, several
clinical trials are various phases that decipher the poten-
tial of these EVs in treatment of several diseases as shown
in Table 3.

The present study has some limitations that warrant
consideration. Modifications of EVs through various
other approaches have not been addressed in this system-
atic review. Additional clinical trials are needed to fur-
ther validate the authenticity and global acceptability of
specific modification approaches. However, the present
study summarizes the most commonly used tailoring
approaches for EVs modifications with future perspec-
tives in therapeutics and diagnostics.

Conclusion

Extracellular vesicles exhibit promising therapeutic and
diagnostic uses in biomaterials. These tailored nanoves-
icles can be loaded with desired biomolecules, such as
proteins, lipids, nucleic acids, and drugs, using different
modification approaches to obtain functionalized EVs.
These functionalized EVs can be exploited in the treat-
ment of various diseases, like cancer, inflammation-
associated morbidities, and other cellular regeneration
processes. Moreover, these loaded and functionalized
EVs can also be investigated to elucidate the cellular
uptake mechanism and for screening as a diagnos-
tic tool. Several modification methods are available at
present; however, the freeze—thaw and co-incubation
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EVs Type

Nanotechnological Modification

Application

Loading Method

Exosomes from mesenchymal stem
cells

Exosome from lung cancer or fibroblasts
EVs from breast adenocarcinoma
Exosomes from Hela cells

EVs from KB cells

EVs from endothelial, cancer and stem
cell lines

Exosomes from embryonic stem cells
Milk-derived exosomes
Exosomes from macrophages

Exosomes from brain cell lines
EVs from prostatic cancer

Exosomes from human colorectal
carcinoma

Exosomes from breast cancer
Exosomes from breast cancer

Exosomes from 471, MCF-7, and PC3
cell line

Exosomes from mouse immature
dendritic cells

Milk-derived exosomes
Exosomes from lymphoma cells
Plant exosomes

Milk-derived exosomes

Milk-derived exosomes
EVs from lung cancer

Exosomes from HEK 293 cells
Exosomes from HEK 293 cells

Exosomes from HEK 293 and MCF-7
cells

Plasma-derived EVs

Glucose-coated gold nanoparticles
(NPs)

Gold NPs and doxorubicin

MOF NPs. NPs matrix contained gelonin
MOF NPs

Zn0O NPs

Porphyrins

Paclitaxel

Doxorubicin

Curcumin

Paclitaxel, Docetaxel, Withaferin A and
curcumin

Celastrol

Oncolytic adenovirus and paclitaxel
SIRNA

Polo-like kinase 1

(PLK-1) siRNA

siRNA, miRNA and ssDNA P

miRNA cel-39

In vivo neuroimaging

Lung cancer treatment

Inhibit adenocarcinoma growth
Hela cells

Cytotoxic effect against KB cells

To improve photodynamic therapy

Glioma therapy
To reduce paclitaxel’s side effects
To overcome MDR in cancer cells

To treat brain tumor
Cytotoxic effect against prostate cancer

Antiproliferative effect in colorectal
cancer

To treat breast and ovarian cancer
To reduce cardiotoxicity of doxorubicin
Breast cancer

For targeted delivery of chemothera-
peutic

Cervical cancer
Activate myeloid cells in vivo
Colon cancer

Targeting and therapy of lung cancer
cells

Inhibition of Hsp90 and NF- kB activa-
tion pathways in lung cancer

Enhance immunogenicity in lung
cancer

Efficient delivery of siRNA in cancer cells

Silencing PLK-1 gene in bladder cancer
cells

Oncogene knockdown

Promote apoptosis of hepatocellular
carcinoma

Co-incubation

Co-incubation
Sonication and extrusion
Co-incubation
Co-incubation

Electroporation, extru-
sion, saponin-assisted
and dialysis

Co-incubation
Co-incubation

Co-incubation,
electroporation and
sonication

Co-incubation
Co-incubation
Dialysis

Electroporation
Electroporation
Co-incubation

Electroporation

Co-incubation
Co-incubation

Co-incubation
Co-incubation
Co-incubation

Electroporation
Electroporation

Sonication

Electroporation

(Adapted from Ref No. [65]) under the Creative Commons Attribution License
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EVs Source Condition Drug Administration Route Dose Reported Phase Study Identifier
MSCs Cerebrovascular disor- miR-124 iv 200 pg protein 1/2 NCT03384433
ders/stroke
MSCs Alzheimer Disease No Nasal drip 5 ug-20 ug 172 NCT04388982
MSCs Periodontitis No Local Not reported early 1 NCT04270006
MSCs Neuralgia No i.v. epineurally 45 mg, 15 mg n/a NCT04202783
MSCs Depression No iv 21 million cells n/a NCT04202770
MSCs Diabetes Mellitus Type 1 No iv 1.2x1010-1.51 x 1010 2/3 NCT02138331
particles/kg
MSCs Chronic Ulcer No Topical Not reported 1 NCT04134676
Plasma Ulcer No Topical Not reported Early 1 NCT02565264
MSC Dystrophic Epidermolysis ~ No Topical Not reported 1/2 NCT04173650
Bullosa
MSCs Multiple Organ Failure No iv 150 mgonce adayfor 14 n/a NCT04356300
times
MSCs Healthy No Inhalation 2 x 108-20 x 108 parti- 1 NCT04313647
cles/3 ml
Plant Colon Cancer Curcumin Oral Not reported 1 NCT01294072
Plant Polycystic Ovary Syn- No Oral Not reported n/a NCT03493984
drome
Grape Head and Neck Cancer No Oral Not reported 1 NCT01668849
Oral Mucositis
DCs Non Small Cell Lung MHC class |- iv 53-2422 ug protein/ 2 NCT01159288
Cancer class Il- cancer injection
antigens
MSCs Pancreatic Adenocarci- KRAS G12D siRNA iv Days 1,4,and 10 (dose 1 NCT03608631
noma not reported)
MSCs SARS-CoV-2 pneumonia No Inhalation 2 x 108 particles/3 mL 1 NCT04276987
MSCs SARS-CoV-2 pneumonia No Inhalation 0.5x 1010-2x 1010 1/2 NCT04491240
particles/3 ml
Bone marrow SARS-CoV-2 pneumonia No iv Not reported 2 NCT04493242
Human amniotic fluid SARS-CoV-2 pneumonia No iv 2x1010-5x 1010 1/2 NCT04384445
particles
MSCs Dry Eye No Eye drop 10 pg/drop 172 NCT04213248
MSCs Macular Holes No Drop 50 pg or 20 ug Early 1 NCT03437759

(Adapted from Ref No. [66]) under the Creative Commons Attribution License 4.0

approaches are preferred. Further clinical studies are

needed to support specific modification approaches.
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