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1. Introduction

Extracellular vesicles (EVs) are particles released by all cells and
mediate a conserved form of intercellular communication [1].
Enclosed by one or more lipidic membranes, they consist of aque-
ous compartments which carry a vast array of biomolecules from
the parental cell, such as lipids, proteins, various types of nucleic
acids and soluble small molecules [2,3]. EVs have been observed
among all kingdoms of life, from bacteria and archaea to mammals,
highlighting their evolutionary importance [4]. In mammals, EVs
are present in all biofluids such as blood, saliva, breast milk, urine,
cerebrospinal fluid, amniotic fluid, semen and ascites [5-7].

1.1. Types of EVs: exosomes, microvesicles and apoptotic bodies

The term “extracellular vesicles” encompasses all secreted
membrane vesicles from the cell, yet these vesicles appear partic-
ularly heterogeneous. As a matter of fact, during the past decade
different subsets of EVs have been called exosomes, microvesicles,
microparticles, ectosomes, oncosomes, apoptotic bodies, and mul-
tiple other names [8]. To simplify nomenclature, classes are
defined based on their biogenesis. As a result, EVs have been
divided into three main populations: exosomes, microvesicles
and apoptotic bodies [9,10]. Exosomes are small vesicles
(30-120nm) formed and contained intracellularly inside

multivesicular bodies (MVBs). Exosomes are released to the extra-
cellular space through fusion of the MVB with the plasma mem-
brane [10-12]. Microvesicles (50-1000 nm) are released from the
cells by direct budding from the plasma membrane [12]. The last
population of EVs are the apoptotic bodies (50-5000 nm), which
are also released directly from the cell membrane but only by cells
undergoing apoptosis [10,13,14]. The heterogeneity between EV
populations, with overlapping sizes, and the lack of consensus on
specific proteins that are unique to each EV subtype have greatly
hindered their characterization at the subtype level, as well as
the modification of subclass-specific properties and study of differ-
ences between subtype functions [15-18]. Nevertheless, in recent
years the term “exosomes” has become increasingly popular in
publications to refer to what is likely a mixture of different hetero-
geneous EV subtypes. In this review we will only use the term EVs.

1.2. Functions of EVs

EVs have a broad range of biological functions and participate in
multiple physiological and pathological processes [19]. Their abil-
ity to mediate intercellular communication by transferring a wide
spectrum of molecules between cells gives them an important role
in complex biological processes like tumorigenesis [20], prepara-
tion of metastatic niches [21], elimination of cytotoxic drugs such
as cisplatin [22], inflammation [23], immune response modulation
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[24], angiogenesis [25,26], tissue repair [27], apoptosis [28-30] and
also in maintenance of homeostasis [31], amongst many others
[32]. Since their composition reflects the parental cell status at
the time of production, this makes them very attractive for the
diagnostics field [2,33]. In addition, they are stable in many biolog-
ical fluids and are relatively abundant, endowing EVs with plenty
of potential as a reservoir of biomarkers. Liquid biopsies containing
circulating EVs could allow monitoring of prognosis, progression of
the disease and response to therapy in patients [2,33-35].
Furthermore, EVs are able to modulate cell phenotypes, differen-
tiation and recruitment in a paracrine fashion [36]. As such, EVs
possess similar therapeutic features as parental cells such as stem
cells. However, EVs cannot self-replicate, hence potentially confer-
ring a safer profile over stem cell transplantation in regenerative
medicine [36-42]. Interestingly, EVs derived from biological fluids,
such as plasma, also exert intrinsic bioactivities although the speci-
fic components are not always defined [43]. Given the capacity of
EVs to effectively carry a broad variety of biological molecules
through different biofluids with cellular specificity, EVs hold pro-
mise for drug delivery [3]. Taking it one step forward, an EV-
based theranostic delivery platform has been recently proposed
by loading both imaging tracers (for diagnosis) and therapeutic
compounds (for delivery) into (or onto) EVs [2,44]. Taken together,
EVs are emerging as a diagnostic toolbox, a new class of therapeu-
tics, and a drug delivery vehicle (Fig. 1). All these potential applica-
tions are in the process of validation in many preclinical and clinical
studies. In this review, we focus on their application as drug deliv-
ery systems (DDS) by systematically reviewing and analyzing the
preclinical studies over the past decade (for earlier studies readers
are recommended to an elegant review by Johnsen et al. [45]).
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2. Systematic review of EVs as drug delivery systems in
preclinical studies

2.1. Introduction of the systematic review

Having analyzed several aspects of EVs as DDS in comparison
with the conventional liposomal DDS, we realize the urgency of a
systematic review that offers an overview of the development of
EVs as DDS, especially in the past decade when EVs have been
extensively explored for drug delivery in various disease models
(Fig. 2). In fact, for a comprehensive evaluation of any therapeutic
delivery vehicle, it is crucial to test in detail the pharmacodynam-
ics and the pharmacokinetics in preclinical models that resemble
the human condition. In consequence, the choice of animal models
based on the resemblance of their physiological features with the
disease modus operandi, is of key importance to determine the
translatability of the results into human therapies. Up to now, only
mice, rats and zebrafish have been used in published preclinical
studies of EVs as DDS. Pigs have been used for preclinical testing

of EVs as therapeutics per se but not as DDS [46,47]. There are no
published records to investigate EVs, either as therapeutics per se
or as DDS, in non-human primates, which are generally used as a
model in the final preclinical stages prior to human clinical trials.
Another factor to take into account for the development of DDS
is the drug-encapsulation efficiency, which can be relatively high
for liposomal drug formulations [48]. For EVs, availability of drug
loading strategies and efficiencies is limited as they are biological
products derived from cellular activity that offer less freedom to
adapt their composition of lipid membranes and interior in
comparison to liposomal delivery systems. There are two main
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Fig. 1. Potential applications of EVs. (A) Diagnostic (and prognostic) potential of EVs obtained from various sources. EVs generated under pathological microenvironments are
able to capture complex intracellular molecular signatures that are unique for specific disease stages or injuries, therefore becoming an attractive reservoir of biomarkers. (B)
Therapeutic potential of EVs. EVs derived from multiple cells can interact with the target cells via various pathways, including endocytosis, direct binding, phagocytosis, and
direct fusion, imparting specific therapeutic effects. (C) EVs as a potential DDS. EVs can be loaded with therapeutics such as RNAs, proteins, and small-molecule drugs,

delivering these cargoes to target cells.
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Fig. 2. Schematic overview of EVs as DDS in preclinical animal models. (A) General simplification of EV contents, drug loading procedures, and surface ligand incorporation,
before or after EV isolation. (B) Various animal models and administration routes for preclinical testing of EVs for drug delivery. (C) Examples of disease indications for drug

delivery via EVs.

strategies for loading drugs into EVs: A) Before EV isolation, drugs
are loaded by addition to and manipulation of the EV donor cells.
This strategy demands compatibility and suitability of the parental
cells with the drugs to encapsulate in EVs. B) Drugs are loaded after
EV isolation. This strategy requires preservation of the structure
and functionality of the vesicles [49]. In addition, the routes of
administration, size, charge and surface modifications of EVs are
influencing the pharmacokinetics and pharmacodynamics of
drug-loaded EVs. In Fig. 2, we provide an overview of the parame-
ters, including payloads, drug loading strategies, EV surface modi-
fications, administration routes, animal models and disease
indications, that have been considered in the experimental design
of preclinical testing of EVs as DDS.

In this article, we will assess the performance of EVs as DDS in
preclinical models in the form of a systematic review. For each
study published in the past decade, disease, animal model, EV
donor cell type, active pharmaceutical ingredient (API) loaded, EV
surface modifications, API loading procedure, EV size and charge,
estimation of EV purity, presence of biodistribution studies and
administration route were qualitatively analyzed in a defined and
reproducible way. After analysis of the performance of EVs as
DDS in comparison with liposomes, we interpret the trends
observed for the past decade and try to define the niches where
to apply EVs in the future.

2.2. Approaches for systematic review

The main goal of this systematic review is to comprehensively
analyze and interpret all the literature from the past decade on
the preclinical testing of EVs as a DDS with a non-biased, precise
and reproducible approach, following the principles defined in
the Preferred Reporting Items for Systematic Reviews and Meta-
analysis (PRISMA) statement [50] and the Cochrane Handbook
for Systematic Reviews of Interventions [51]. The search parame-
ters and criteria employed (Table 1) were defined based on a con-
sensus between multiple investigators (P.E.M., L.T., CH., G.S., R.S,,
and J.W.W.) using exclusively PubMed as a database.

2.3. Inclusion and exclusion criteria

As we intended to carry out a systematic review of the preclin-
ical status of EVs as DDS during the past decade, we only included

journal articles published in English from the 1st of January 2010
until the 1st of January 2021. In this manner we aimed to provide
an overview of the recent development in the field. We focus on
original research articles, while excluding all other types of publi-
cations such as opinion articles, case reports, and editorials. More-
over, as this review provides an overview of the preclinical status
of EVs as DDS, the PubMed option “Other animals” was applied
to the species filter. EVs were defined according to the Minimal
Information for Studies of Extracellular Vesicles 2018 (MISEV2018)
guidelines [8], excluding synthetic nanoparticles and exosome-
mimetic nanovesicles. Regarding the selection of keywords for
our search we set a criterion that the articles of potential interest
should contain in their titles or abstracts at least one term of each
of the 4 categories that were defined in the Keywords section of
Table 1. Furthermore, “EVs as drug delivery systems” in this study
were defined as EVs that were purposely used for loading and
delivery of therapeutic molecules. Enriched EV fractions containing
endogenous molecules which were not introduced for a delivery
purpose were excluded from our systematic review.

Articles that did not meet all the selection criteria were
excluded for analysis. Additionally, to increase the power and the
sensitivity of our search, we performed a subsequent PubMed
search with the same search keywords format as described in
Table 1 but opted for Reviews and Systematic Reviews instead of
Journal Articles and excluded the filter Other Animals. The aim of
this additional search was to screen the resulting reviews for

Table 1

Eligibility criteria for this systematic review.
Publication
Database PubMed
Language English

Time period
Publication type

01/01/2010-01/01/2021
Journal Article

Species Other Animals
Keywords [Title/  extracellular vesicles /| exosomes | microvesicles |
Abstract] apoptotic bodies /| microparticles

drug | therapeutic / small molecule / antioxidant / anti-
inflammatory / chemotherapeutic / silencing / siRNA /
miRNA / mRNA / plasmid / kinase inhibitor

animal / mice / mouse /| murine [ rats | rat |/ pig |
zebrafish |/ primate /| monkey | chimpanzee

in vivo [ preclinical
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analytical tables or figures which referenced journal articles that
fulfilled our criteria but that we might have missed with our pre-
vious search parameters. Explicit search parameters are provided
in the Supplementary Materials Section A. Any studies that gen-
erated eligibility doubts were brought to and resolved by JW.W,, R.
S. and G.S. The workflow for this Systematic Review is presented in
Fig. 3.

3. Data analysis of systematic review
3.1. Categorization of selected publications

In this systematic review, we categorized the selected 157 pub-
lications, based on disease or pathogenic conditions where EVs
were investigated as DDS, into 5 groups: cancer (Table 2a), cardio-
vascular disease (Table 2b), neurological disease (Table 2c), inflam-
matory disease (Table 2d) and other diseases (Table 2e). All the
tables were designed with ten categories (disease/condition tested,
animal model, EV donor cell type, API loaded, EV surface modifica-
tions, API loading method, EV size & charge, EV purity analysis,
biodistribution studies and administration route). EV isolation
issues have been exhaustedly reviewed in the literature
[2,8,12,52-55] and therefore were not included in the current
study. We carried out a systematic analysis of the approaches
and trends in the field for the past decade in a rigorous and unbi-
ased manner. The detailed criteria employed for data analysis can
be found in Supplementary Materials Section B.

3.2. Diving deeper into the tables: Analytical interpretation

3.2.1. Diseases

The main tables of this systematic review were grouped by dis-
ease categories of the study (Tables 2a-2e) and then the table con-
tents were organized by specific diseases/conditions, to facilitate
the search of study parameters by readers who are interested in
one particular disease or disease category. As shown in Fig. 4a
and Table 2a, the majority (66.2%) of publications on EVs for drug
delivery during the past decade were focused on cancer treatment.
70.6% of total studies in the year of 2020 were cancer related
(Fig. 4b), of which 27% were on breast cancer, 18% on lung cancer
and 12% on brain cancer. The extensive studies of EVs in cancer-
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related preclinical models may be partly attributable to the rela-
tively easy adoption and readily availability of tumor animal mod-
els. Studies on cardiovascular disease (12.7%), the second most
investigated disease type, were essentially represented by myocar-
dial infarction and stroke (Table 2b, Fig.4a). Neurological and
inflammatory disease studies constitute 6.4% and 5.7% of the total,
respectively, (Fig. 4a) where the majority of publications were on
Parkinson’s and Alzheimer’s disease (in the neurological class)
and arthritis (for the inflammatory diseases category) (Table 2c,
Table 2d). In the “other” disease group (10.2%), we categorized a
variety of liver, kidney, muscular and infectious diseases together
with diabetes, obesity, immunomodulation and wound healing
studies.

3.2.2. Animal models

With regard to the animal models used (Fig. 5a), a vast majority
of publications used mice (87.3%), followed by rats (11.5%) and
zebrafish (1.3%). The overwhelming majority of studies using mice
has been increasing over time (Fig. 5b). The extensive usage of
mice as experimental animal model is mainly because of historic
preferences and available data from related studies as well as
cost-effectiveness. These percentages though, are different
between disease groups (Table 2a). Rats represent 55% and 40%
of animal studies for inflammatory and cardiovascular diseases,
respectively. In the case of cardiovascular diseases rats have been
the main animal model for decades, where detailed and effective
experimental procedures for multiple conditions, like myocardial
infarction and stroke are available as well as rat strains that spon-
taneously develop these diseases [213]. A similar argument applies
to inflammatory diseases [214]. The two publications using zebra-
fish, were focused on treating brain cancer (Table 2a) as zebrafish
represents a model that might gain popularity due to its cost-
effective maintenance and the opportunity to dynamically visual-
ize tumor growth in vivo [215].

3.2.3. Donor cell types

Based on the origin of EVs, we grouped the EV donor cell types
into eight different categories (Fig. 6a,b). Among all the analyzed
preclinical studies, EVs derived from cancer cell lines (23.6%), stem
cells (22.9%), and HEK293 cells (21.7%) were most commonly used.
Interestingly, in the past five years, a few studies explored the drug

887 studies identified through database

searching

74 reviews identified through database searching
for additional studies

L
887 records screened |

Y

Identifying additional studies
from tables of 74 reviews

—DI 739 records excluded

y

148 studies included in
qualitative analysis

A 4

9 extra studies after

157 studies included in
qualitative analysis

| Inclusion ” Eligibility ” Screening ” Identification |

screening reviews

Fig. 3. Flowchart diagram of the systematic review according to the PRISMA statement.



Table 2a

Preclinical studies of EVs as drug delivery systems for cancer treatment.

Disease/condition Animal Donor cell Active Surface modifications API loading Size/charge* Purity Biodistribution = Route of Year of Ref.
model type pharmaceutical procedure estimation studies administration publication
ingredient (API)
Brain cancer
Glioma Mouse BMSCs Indocyanine green & None After isolation EVs, 160 nm (DLS) / No Yes LV. 2020 [56]
Curcumin Physical —-16 mV
(Electroporation)
Glioma Mouse MSCs, DCs &  PTEN-mRNA None Before EVs isolation, 70-110 nm (DLS) No Yes L.V. 2020 [57]
HEK293T Transfection based
(Plasmid)
Glioma Mouse RAW264.7 Curcumin & Neuropilin-1- After isolation EVs, 122.7 £6.5nm No Yes L.V. 2018 [58]
Macrophage  superparamagnetic targeted peptide physical (NTA) /
iron oxide (Incubation) —24.1+22mV
nanoparticles
Glioma Mouse MSCs miRNA-124a None Before EVs isolation, 100-125nm (NTA) No No L.P. 2018 [59]
Transfection based
(Lentivirus)
Glioblastoma Rat HEK293T Anti-miR-21 T7 peptide After isolation EVs, 15-50 nm (DLS) / No Yes L.V. 2020 [60]
Physical —10 to -3 mV
(Electroporation)
Glioblastoma Mouse Malignant CRISPR/Cas9 TNF-a After isolation EVs, ~ NA No No LV. 2019 [61]
cells Physical
(Electroporation)
Glioblastoma Mouse Embryonic Paclitaxel cRGD After isolation EVs, 125+27 nm No Yes LV. 2019 [62]
stem cells Physical (NanoFCM)
(Incubation)
Glioblastoma Rat HEK-293 T miRNA-21-Sponge None Before EVs isolation, 66.65 +39.88 nm, No No Local 2019 [63]
Transfection based PDI 0.317 (DLS)
(Plasmid)
Glioblastoma Mouse HEK293T CD-UPRT mRNA & None Before EVs isolation, 88-152 nm (NTA) No No Local 2017 [64]
protein Transfection based
(Plasmid)
Glioblastoma- Zebrafish bEND.3 cells  siVEGF None After isolation EVs, NA No No LV. 2017 [65]
astrocytoma Chemical
(Lipofetamine®
2000 transfection)
Glioblastoma- Zebrafish  U-87 MG, Rhodamine 123, None After isolation EVs, 30-100 nm (DLS) No Yes LV. 2015 [66]
astrocytoma bEND.3, Paclitaxel & Physical
PFSK-1 & A-  Doxorubicin (Incubation)
172
Glioblastoma Mouse L929 cells Methotrexate & KLA  LDL & KLA peptide Before EVs isolation, 318.3 +15.5nm No Yes L.V. 2018 [67]
multiforme peptide Ultraviolet (DLS) / about
irradiation —-10 mV
Glioblastoma Rat MSCs miRNA-146b None Before EVs isolation, NA No No Local 2013 [68]
multiforme Transfection based
(Plasmid)
Breast cancer
Breast cancer Mouse HEK293T PH20 hyaluronidase  Folic acid & PH20 Before EVs isolation, About 100 nm No Yes Local 2021 [69]
& Doxorubicin hyaluronidase Transfection based (DLS)
(Plasmid); After
isolation EVs,
Physical (Incubation
& electroporation)
Breast cancer Mouse HEK293T AntiCD3 & antiHer2  AntiCD3 & antiHer2 Before EVs isolation, 109 nm (NTA) Yes No LV. 2020 [70]
(Expi293) antibody antibody Transfection based

(Plasmid)
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Table 2a (continued)

Disease/condition Animal Donor cell Active Surface modifications API loading Size/charge™ Purity Biodistribution = Route of Year of Ref.
model type pharmaceutical procedure estimation studies administration publication
ingredient (API)
Breast cancer Mouse RAW264.7 Paclitaxel & None After isolation EVs, Dox-EV No No LV. 2020 [71]
Macrophage  Doxorubicin Physical 162.1 £5.5nm &
(Incubation, PTX-EV
sonication & 129.4 +£2.3 nm
exclusion (NTA)
chromatography)
Breast cancer Mouse 4T1 cells TK-NTR-encoding None Before EVs isolation, 136-160 nm (NTA) No No Local 2019 [72]
minicircle DNA Transfection based
(Plasmid)
Breast cancer Mouse BMSCs Doxorubicin DARPin After isolation EVs, 120 nm (DLS) No Yes LV. 2019 [73]
Physical
(Electroporation)
Breast cancer Mouse Blood Chimeric peptide Chimeric peptide After isolation EVs, 132.6 nm, PDI No Yes L.V. 2019 [74]
(ChiP) (ChiP) Physical (Incubation 0.306 (DLS)
on ice)
Breast cancer Mouse MSCs Paclitaxel None Before EVs isolation, 204 +93.1 nm No No L.V. 2019 [75]
Incubation (NTA) /
—43.08 £1.58 mV
Breast cancer Mouse M1- Paclitaxel None After isolation EVs, 172.8 nm No Yes LV. 2019 [76]
polarized Physical (DLS&NTA) /
macrophages (Sonication) -12mV
Breast cancer Mouse 4T1 cells Sinoporphyrin Sinoporphyrin sodium  After isolation EVs, 126.71 +3.86, PDI No Yes LV. 2019 [77]
sodium Physical 0.18 £0.05
(Incubation) (DLS&NTA) /
-10.67 £0.52 mV
Breast cancer Mouse H22 & Doxorubicin None Before EVs isolation, 260 + 15 nm, PDI No Yes LV. 2019 [78]
Bel7402 cells Transfection based 0.145 +0.032
(Plasmid) (DLS) /
—-11.0+04 mV
Breast cancer Mouse MSCs miRNA-142-3p None After isolation EVs, 103 nm (DLS) No Yes LV. 2018 [79]
Physical
(Electroporation)
Breast cancer Mouse HEK293T siSurvivin Folate, PSMA RNA After isolation EVs, 103-120 nm (NTA) Yes Yes LV. 2018 [80]
aptamer & EGFR RNA Chemical (ExoFect | =15.6 £27.9 mV
aptamer (All Exosome
conjugated to 3WJ) transfection kit)
Breast cancer Mouse Dendritic Paclitaxel AS1411 aptamer After isolation EVs, 111 nm (NTA) / No Yes LV. 2018 [81]
cells conjugated to Physical —-25.6 mV
cholesterol-PEG (Sonication)
Breast cancer Mouse HEK293 HchrR6 mRNA LS-ML39-C1-C2-His Before EVs isolation, 30-100 nm (NTA) No No L.P. 2018 [82]
(EVHB) Transfection based
(Plasmid)
Breast cancer Mouse HEK293 PH20 hyaluronidase ~ PH20 hyaluronidase Before EVs isolation, 95 nm (DLS) No Yes Local 2018 [83]
& Doxorubicin Transfection based
(Plasmid); After
isolation EVs,
Physical
(Incubation)
Breast cancer Mouse Human red Anti-miR-125b, Cas9 None After isolation EVs, About 140 nm, PDI No Yes I.P. & Local 2018 [84]
blood cells mRNA, & guide RNAs Physical 0.07 (NTA&DLS) /
(Electroporation) -11.5mV
Breast cancer Mouse Dendritic miRNA let-7 & AS1411 aptamer After isolation EVs, 77 nm (NTA) | No Yes LV. 2017 [85]
cells siRNA-VEGF Physical —16.4 mV

(Electroporation)

(continued on next page)
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Table 2a (continued)

Disease/condition Animal Donor cell Active Surface modifications API loading Size/charge™ Purity Biodistribution = Route of Year of Ref.
model type pharmaceutical procedure estimation studies administration publication
ingredient (API)
Breast cancer Mouse MDA-MB- Doxorubicin None After isolation EVs, 101 nm (NTA) No No L.P. 2016 [86]
231 & STOSE Physical
(Electroporation)
Breast cancer Mouse MDA-MB- Doxorubicin None After isolation EVs, 176 £53 nm, No Yes LV. 2015 [87]
231 & HCT- Physical 209 + 54 nm,
116 (Electroporation) respectively (NTA)
Breast cancer Mouse MCEF-7 cells Doxorubicin None Before EVs isolation, 40-100 nm (TEM) No No S.C. 2015 [88]
Incubation
Breast Cancer Mouse Immature Doxorubicin AlphaV integrin- After isolation EVs, 93 nm (NTA) No Yes L.V. 2014 [89]
dendritic specific iRGD peptide Physical
cells (Electroporation)
Breast cancer Mouse HEK293 miRNA-let-7a Transmembrane Before EVs isolation, NA No Yes LV. 2013 [90]
domain of platelet- Transfection based
derived growth factor  (miRNA)
receptor fused to GE11
peptide
Breast cancer Mouse HEK293T Doxorubicin Lipidomimetic chains- Before EVs isolation, 449.1 +15.1 nm, No Yes LV. 2019 [91]
multidrug grafted hyaluronic Ultraviolet PDI 0.29 £ 0.02
resistance acid irradiation (DLS)
Breast cancer with Mouse Murine Laurate None After isolation EVs, 61.9+1.74nm,PDI No Yes LV. 2019 [92]
Lung metastasis macrophage  functionalized Pt Physical 0.168 £ 0.021
(IV) prodrug (Incubation) (DLS) | —
9.39 £ 0.56 mV
Metastatic breast Mouse HUVECs & siS100A4 None After isolation EVs, 263.71£24.84,PDI No Yes LV. 2020 [93]
cancer 4T1 cells Physical (Incubation 0.32 +0.01 (DLS) /
& extrusion) —28.63+0.33 mV
Hypoxic breast cancer =~ Mouse MDA-MB- Olaparib SPIO After isolation EVs, 110-170 nm (NTA) No Yes Local 2018 [94]
tumors 231 (superparamagnetic Physical
iron oxide) (Electroporation)
nanoparticles
Triple-negative breast Mouse HEK293T PH20 hyaluronidase = PH20 hyaluronidase Before EVs isolation, About 100 nm No No Local 2019 [95]
cancer Transfection based (DLS)
(Plasmid)
Triple-negative breast Mouse Macrophages Doxorubicin & Disintegrin and After isolation EVs, 94.1 + 104.4 nm No Yes LV. 2019 [96]
cancer cholesterol-modified metalloproteinase 15 Chemical (Mixing (empty* A15-
miRNA-159 (A15) with exosome, NTA) /
trimethylamine -14.67 £1.53 mV
solution); After (miRNA loaded)
isolation EVs,
Physical
(Incubation)
Colorectal cancer
Colorectal cancer Mouse MSCs Doxorubicin MUC1 aptamer After isolation EVs, 120 £ 12 nm, PDI No Yes L.V. 2020 [97]
Physical 0.5+0.02 (DLS) /
(Electroporation -80+12mV
method
(DOX@exosome))
Colorectal cancer Mouse HEK293T si-ciRS-122 None Before EVs isolation, About 100 nm No No LV. 2020 [98]

Transfection based
(Plasmid)

(NTA)
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Table 2a (continued)

Disease/condition Animal Donor cell Active Surface modifications API loading Size/charge™ Purity Biodistribution = Route of Year of Ref.
model type pharmaceutical procedure estimation studies administration publication
ingredient (API)
Colorectal cancer Mouse HEK293T siSur-A647 & Folate  Folic acid After isolation EVs, 136.5 £3.5 (NTA) No No LV. 2019 [99]
Chemical (ExoFect
exosomes
transfection kit);
After isolation EVs,
Physical (Heat-
shock)
Colorectal cancer Mouse LIM1215 Doxorubicin A33Ab-US After isolation EVs, 187.83 +6.76 nm No Yes LV. 2018 [100]
cells Physical (DLS) /
(Incubation) —-9.57+£0.38 mV
Colorectal cancer Mouse HEK293T siSurvivin Folate, PSMA RNA After isolation EVs, 103-120 nm (NTA) Yes Yes LV. 2018 [80]
aptamer & EGFR RNA Chemical (ExoFect | =15.6 £27.9 mV
aptamer (All Exosome
conjugated to 3WJ) transfection kit)
.Colorectal cancer Mouse THLG-293 T 5-Fluorouracil (5- Her2 binding affibody  After isolation EVs, 110+ 11.3 nm No Yes LV. 2020 [101]
& LG-293T FU) & Anti-miR-21 Physical (DLS) /
(Electroporation) -11+£2.7mV
Colorectal cancer Mouse HEK-293 T SIRPo. protein SIRPa protein Before EVs isolation, About 100 nm No No Local 2018 [102]
Transfection based (DLS)
(Plasmid)
Colorectal cancer Mouse HEK293T SIRPa proteins SIRPa. proteins Before EVs isolation, About 100 nm No Yes L.V. & Local 2017 [103]
Transfection based (DLS)
(Plasmid)
Colorectal cancer Mouse CT26-CIITA MHC class II MHC class Il molecule Before EVs isolation, NA No No L.D. 2013 [104]
cells molecule Transfection based
(Retrovirus)
Colorectal cancer Mouse LL/2, MC-38,  Oncolytic None Before EVs isolation, 50-400 nm (NTA)/ No Yes LV. 2019 [105]
A549 & adenovirus Ad5/3- Transfection based About —40 mV
human liver =~ CD40L (Adenovirus)
samples
Cervical cancer
Cervical cancer Mouse Hela Paclitaxel None Before EVs isolation, 285.58 +2.95 nm, No No L.V. 2020 [106]
Ultraviolet PDI 0.104 + 0.106
irradiation (DLS)
Cervical cancer Mouse THP-1 Doxorubicin RGD, sulfhydryl After isolation EVs, 30-300 nm No Yes LV. 2018 [107]
macrophages groups, AuNRs & Folic  Physical (empty*, DLS)
acid (Electroporation)
Cervical cancer Rat Bovine milk Curcumin None After isolation EVs, 93 + 6 nm, PDI No No Oral 2017 [108]
Chemical (Mixing 0.21 £ 0.04 (DLS)
with ethanol:
acetonitrile)
Cervical cancer Mouse Macrophages Doxorubicin Biotin, streptavidin- After isolation EVs, 100-1000 nm No Yes LV. 2017 [109]
modified iron oxide Physical (DLS) | About
nanoparticlesSA- (Electroporation) -10 mV
IONPs & Folic acid
Cervical cancer Mouse THP-1 m-THPC None Before EVs isolation, 550 +50 nm (DLS) No Yes Local 2013 [110]
macrophages photosensitizer Incubation
Digestive system cancer
Digestive system Mouse Bovine milk  siBcl-2 None After isolation EVs, ~ 68.06 nm (DLS) No No L.V. 2020 [111]
cancer Physical
(Ultrasound)
Gastric cancer Mouse Urinary PMA/Au-BSA@Ce6 None After isolation EVs, 75+7.6 nm Yes Yes LV. 2020 [112]
nanoparticles Physical (DLS&NTA) /
(Electroporation) -314+3.1mV

(continued on next page)
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Table 2a (continued)

Disease/condition Animal Donor cell Active Surface modifications API loading Size/charge™ Purity Biodistribution = Route of Year of Ref.
model type pharmaceutical procedure estimation studies administration publication
ingredient (API)
Gastric cancer Mouse HEK293T Anti-miR-214 None Before EVs isolation, NA No No LV. 2018 [113]
Transfection based
(Anti-miR)
Gastric cancer Mouse HEK293T miRNA-29a/c None Before EVs isolation, NA No No LV. 2016 [114]
Transfection based
(miRNA)
Lung cancer
Lewis lung carcinoma Mouse M1 Cisplatin None After isolation EVs, 100-300 nm (NTA) No No LV. 2020 [115]
macrophages Physical
(Electroporation)
Lewis lung carcinoma Mouse LL/2, MC-38,  Oncolytic None Before EVs isolation, 50-400 nm (NTA)/ No Yes LV. 2019 [105]
A549 & adenovirus Ad5/3- Transfection based About —40 mV
human liver ~ CD40L (Adenovirus)
samples
Lewis Lung carcinoma  Mouse LL/2 cells Immunogenic None After isolation EVs, 50-400 nm (NTA)/ No Yes LV. 2019 [116]
oncolytic adenovirus Physical About —40 mV
Ad5D24-CpG& (Incubation); Before
Paclitaxel EVs isolation,
Transfection based
(Adenovirus)
Lewis lung carcinoma Mouse A549 cells Cisplatin & None Before EVs isolation, 300-800 nm No Yes LP. & LV. 2016 [117]
Methotrexate & Ultraviolet (empty*, DLS)
Doxorubicin & irradiation
Paclitaxel
Lung metastatic cancer Mouse H22 & Doxorubicin None Before EVs isolation, 260 + 15 nm, PDI No Yes LV. 2019 [78]
Bel7402 cells Transfection based 0.145 +0.032
(Plasmid) (DLS) /-
11.0£ 04 mV
Lung cancer with Mouse Bovine milk siKRAS Folic acid After isolation EVs, NA No Yes LV. 2019 [118]
mutated KRAS Physical
(Electroporation);
After isolation EVs,
Chemical (ExoFect
exosomes
transfection kit)
Lung cancer patients Mouse LLC, MC38, Methotrexate None Before EVs isolation, 30-930 nm, mean  No Yes Local 2019 [119]
with malignant B16-F10, Ultraviolet at 264 nm (NTA)
pleural effusion A549 & MCF- irradiation
7
Lung cancer Mouse LL/2 cells Oncolytic None Before isolation EVs, NA No Yes LV. 2018 [120]
adenovirus Ad5D24 Transfection based
(Adenovirus)
Lung cancer Mouse Malignant CRISPR/Cas9 TNF-o After isolation EVs, ~ NA No No L.V. 2019 [61]
cells Physical
(Electroporation)
Lung cancer Mouse A549 cells Oncolytic Ad5D24- None Before EVs isolation, 50-1000 nm, with  No Yes LV. 2018 [121]
CpG & Paclitaxel Transfection based major peak around
(Adenovirus); After 100 nm (NTA) /
isolation EVs, About —40 mV
Physical
(Incubation)
Lung cancer Mouse Bovine milk Paclitaxel None After isolation EVs, 108.1 £ 1.5, PDI No No Oral 2017 [122]
Chemical (Mixing 0.190 + 0.006 (DLS)
with acetonitrile: | =7.4+0.7mV

ethanol)
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Table 2a (continued)

Disease/condition Animal Donor cell Active Surface modifications API loading Size/charge™ Purity Biodistribution = Route of Year of Ref.
model type pharmaceutical procedure estimation studies administration publication
ingredient (API)
Lung cancer Mouse Bovine milk Berry None After isolation EVs, 83 + 1.7 nm, PDI No No Oral 2017 [123]
anthocyanidins Chemical (Mixture 0.23 (DLS)
of acetonitrile:
ethanol)
Lung cancer Mouse Bovine milk Paclitaxel & Folic acid After isolation EVs, = 40-100 nm (NTA), No Yes LV. & LP. 2016 [124]
Docetaxel & Chemical (Mixture PDI 0.22 £ 0.06
Curcumin & with ethanol & (DLS)
acetonitrile)
Lung cancer Mouse Bovine milk Celastrol (CEL) None After isolation EVs, 106 + 9 nm, PDI No No Oral 2016 [125]
Chemical (Dissolved 0.15 (DLS)
in ethanol)
Lung Cancer Mouse RAW264.7 Paclitaxel None After isolation EVs, 159-217.9 nm No No LN. 2016 [126]
Macrophages Physical (NTA&DLS) /
(Sonication, —14.07 to
electroporation & -9.33 mV
incubation)
Non-small cell lung Mouse MDA-MB- miRNA-126 None After isolation EVs, 30-120 nm (DLS) No Yes LV. 2020 [127]
cancer 231 cells Chemical
(ExoFectin® kit
transfection)
Non-small cell lung Mouse Human Imperialine Integrin a3p1-binding  After isolation EVs, 169.9 £50.7 nm Yes Yes LV. 2019 [128]
cancer plasma octapeptide Physical (Incubation (NTA), PDI 0.192 /
cNGQGEQc & ultrasonic) —-17.3+432mV
Non-small cell lung Mouse RAW264.7 Paclitaxel Aminoethylanisamide- After isolation EVs, 280.8 +3.1 No No LV. 2018 [129]
cancer Macrophage PEG) Physical (Sonication (NTA&DLS) /
& incubation) —4.4+0.1 mV
Small cell lung cancer Mouse HEK293 Soluble fms-like None Before EVs isolation, About 100 nm No No Local 2019 [130]
tyrosine kinase-1 Transfection based (NTA)
(Lentivirus)
Liver cancer
Hepatocellular Mouse MSCs miRNA-199a None Before EVs isolation, 80+ 1.9 nm (NTA) No No LV. 2020 [131]
carcinoma Transfection based
(Lentivirus)
Hepatocellular Mouse H22 tumor Bi,Se; nanodots & None Before EVs isolation, 366.71+20.41nm No Yes LV. 2020 [132]
carcinoma cell doxorubicin Electroporation & (DLS) /
ultraviolet —12.02 £ 0.59 mV
irradiation
Hepatocellular Mouse H22 & Doxorubicin None Before EVs isolation, 260 + 15 nm, PDI No Yes LV. 2019 [78]
carcinoma Bel7402 cells Transfection based 0.145 +0.032
(Plasmid) (DLS) /
-11.0£04 mV
Hepatocellular Mouse Blood Doxorubicin Superparamagnetic After isolation EVs,  Peak around No Yes LV. 2016 [133]
carcinoma magnetite colloidal Physical 100 nm (DLS)
nanocrystal clusters (Incubation)
Hepatocellular Mouse H22 & A2780 Methotrexate None Before EVs isolation, 100-1000 nm No No L.P. 2012 [134]
carcinoma Ultraviolet (TEM)
irradiation
Hepatocellular Mouse BM dendritic  Doxorubicin Tumor derived Before EVs isolation, About 400 nm No Yes LV. 2017 [135]
carcinoma ascites cells antigens Ultraviolet (empty*, DLS)
irradiation
Hepatocellular Mouse A549 cells Cisplatin & None Before EVs isolation, 300-800 nm No Yes LP. & LV. 2016 [117]
carcinoma ascites Methotrexate & Ultraviolet (empty*, DLS)
Doxorubicin & irradiation

Paclitaxel

(continued on next page)
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Table 2a (continued)

Disease/condition Animal Donor cell Active Surface modifications API loading Size/charge™ Purity Biodistribution = Route of Year of Ref.
model type pharmaceutical procedure estimation studies administration publication
ingredient (API)
Lymphoma
Lymphoma Mouse K562 cells TRAIL protein TRAIL protein Before EVs isolation, 140 nm (NTA) No Yes I.V. & Local 2016 [136]
Transfection based
(Lentivirus)
T-cell lymphoma Mouse EL4 cells Doxorubicin None After isolation EVs, 37 nm (DLS) No Yes LV. 2018 [137]
Physical
(Incubation)
Melanoma
Melanoma Mouse MSCs TNF-o Superparamagnetic Before EVs isolation, 40-80 nm (DLS) No Yes L.V. 2020 [138]
iron oxide Transfection based
nanoparticles (SPION)  (Plasmid)
Melanoma Mouse HEK293T PH20 hyaluronidase =~ PH20 hyaluronidase Before EVs isolation, About 100 nm No No Local 2019 [95]
Transfection based (DLS)
(Plasmid)
Melanoma Mouse MSCs TRAIL protein TRAIL protein Before EVs isolation, 71.9 nm (empty¥*, No Yes LV. 2018 [139]
Transfection based DLS)
(Plasmid)
Melanoma Mouse B16BL6 cells Immunostimulatory  Streptavidin- After isolation EVs, 109 £ 10 nm No No L.D. 2016 [140]
CpG DNA lactadherin Physical (qNano-TRPS) | -
(Incubation) 32+1.6mV
Melanoma Mouse Human siVEGF Streptavidin- After isolation EVs, 629.2 nm, PDI No Yes Local 2015 [141]
umbilical conjugated quantum Physical 0.296 (empty*,
vein dots (Electroporation) DLS)
endothelial
cell
Ovarian cancer
Ovarian cancer Mouse SKOV3 cells Triptolide None After isolation EVs, 145 nm (NTA) No Yes L.P. 2019 [142]
Physical
(Sonication)
Ovarian cancer Mouse HEK293 & CRISPR/Cas9-NLS & None After isolation EVs, 50-150 nm No Yes L.V. & Local 2017 [143]
SKOV3 cells PARP-1 sgRNA Physical (empty*, DLS)
(Electroporation)
Ovarian cancer Mouse Bovine milk Berry None After isolation EVs, Not reported (NTA  No No Oral 2017 [144]
anthocyanidins & Chemical (Mixing & and DLS)
Paclitaxel dissolving with
ethanol)
Ovarian cancer Mouse MDA-MB- Doxorubicin None After isolation EVs, 101 nm (NTA) No No L.P. 2016 [86]
231 & STOSE Physical
(Electroporation)
Ovarian cancer Mouse H22 & A2780 Methotrexate None Before EVs isolation, 100-1000 nm No No L.P. 2012 [134]
Ultraviolet (TEM)
irradiation
Pancreatic cancer
Pancreatic cancer Mouse PANC-1 siPAK4 None After isolation EVs, 97.1+1.7 nm Yes No Local 2021 [145]
Physical (empty*, NTA) /
(Electroporation) —15to —10 mV
Pancreatic cancer Mouse PANC-1 Gemcitabine None After isolation EVs,  About 100-150 nm No Yes LV. 2020 [146]
Physical (Incubation (NTA)
& sonication)
Pancreatic cancer Mouse MSCs siKRASC12P None After isolation EVs, 179 nm (empty*,  Yes Yes LP. 2018 [147]
Physical NTA)
(Electroporation)
Pancreatic cancer Mouse MSCs siKRASG12D & CD47 After isolation EVs, ~ Peak around Yes Yes L.P. 2017 [148]
pLKO.1- Physical 150 nm (empty*,
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Table 2a (continued)

Disease/condition Animal Donor cell Active Surface modifications API loading Size/charge™ Purity Biodistribution = Route of Year of Ref.
model type pharmaceutical procedure estimation studies administration publication
ingredient (API)
shKRASG12D (Electroporation) NTA)
Pancreatic ductal Mouse hucMSCs miRNA-145-5p None After isolation EVs, ~ 52.5-185.5 nm No No Local 2019 [149]
adenocarcinoma Chemical (Exo- (empty*, NTA)
Fect™ Exosome
Transfection
Reagent)
Pancreatic ductal Mouse K989 cells &  Anti-miR-365 None Before EVs isolation, 135 nm (empty*, No No L.P. 2018 [150]
adenocarcinoma tumor- Chemical NTA)
associated Transfection based
macrophages (Plasmid)
Prostate cancer
Prostate cancer Mouse HEK293T siSurvivin Folate, PSMA RNA After isolation EVs, 103-120 nm (NTA) Yes Yes LV. 2018 [80]
aptamer & EGFR RNA  Chemical (ExoFect | =15.6 +27.9 mV
aptamer (All Exosome
conjugated to 3W]J) transfection Kkit)
Prostate cancer Mouse HEK293 PH20 hyaluronidase = PH20 hyaluronidase Before EVs isolation, 95 nm (DLS) No Yes Local 2018 [83]
& Doxorubicin Transfection based
(Plasmid); After
isolation EVs,
Physical
(Incubation)
Sarcoma
Fibrosarcoma Mouse HT1080 & Doxil® None After isolation EVs,  87.7 + 2.4 (NTA) Yes Yes LV. 2020 [151]
HeLa Physical (Incubation
followed by
extrusion)
Sarcoma Mouse Fibroblast siTGF-B1 None Before EVs isolation, 60-100 nm No Yes LV. 2014 [152]
L929 Transfection based (empty*, TEM)
(siRNA)
Sarcoma Mouse THP-1 & Anti-miR-150 None Before EVs isolation, NA No No LV. 2013 [153]
293T Chemical
Transfection based
(Anti-miR)
Other cancer
Carcinoma (KB Mouse Ginger root siSurvivin Folic acid After isolation EVs,  About 100 nm Yes No LV. 2018 [154]
xenograft) Chemical (ExoFect (NTA)
Exosome
transfection kit)
Chronic myelogenous Mouse HEK293T Imatinib & siBCR- IL3 Before EVs isolation, 30-60 (empty*, No Yes L.P. 2017 [155]
leukemia ABL Transfection based DLS)
(siRNA) &
Incubation
Nasopharyngeal cancer Mouse HUVECs Anti-miR-BART10- iRGD Before EVs isolation, About 100 nm No Yes LV. 2020 [156]
5p & Anti-miR-18a Transfection based (empty*, DLS)
(Plasmid)
Neuroendocrine cancer Mouse HEK293 Verrucarin A & Anti-SSTR2 mAb After isolation EVs, 125+ 6 nm No Yes L.V. 2020 [157]
romidepsin Physical (empty*, NTA)
(Incubation)
Renal cell carcinoma Mouse RCC cells miRNA-31-5p None Before EVs isolation, 53.3-57.8 nm No No LV. 2020 [158]
Transfection based  (empty*, NTA)
(miRNA mimetics)
Schwannoma Mouse HEK-293 T CD-UPRT mRNA & None Before EVs isolation, 159 nm (empty*, No No Local 2013 [159]
protein Transfection based NTA)
(Plasmid)
Thyroid cancer Mouse Malignant CRISPR/Cas9 TNF-o After isolation EVs, NA No No LV. 2019 [61]
cells Physical

(Electroporation)
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Table 2b
Preclinical studies of EVs as drug delivery systems for cardiovascular disease treatment.

Disease/condition Animal EV donor cell type  Active EV surface API loading procedure EV size/charge* EV Biodistribution = Route of Year of Ref.
model pharmaceutical modifications purity  studies administration publication
ingredient (API) stated
Myocardial infarction
Acute myocardial Rat MSCs IncRNA-H19 None Before EV isolation, Stimulated ~About 100 nm No No Local 2019 [160]
infarction by atorvastatin (NTA)
Acute myocardial Rat Adipose-stem cells miRNA-126 None Before EVs isolation, 50-100 nm (NTA) No No LV. 2018 [161]
infarction Transfection based (miRNA)
Acute myocardial Rat MSCs Akt None Before EVs isolation, About 100 nm No No LV. 2017 [162]
infarction Transfection based (NTA)
(Adenovirus)
Acute Myocardial Rat MSCs TIMP2 protein None Before EVs isolation, 40-90 nm (TEM)  No No Local 2019 [163]
infarction Transfection based (Lentivirus)
Acute Myocardial Mouse HEK293T miRNA-21 None Before EVs isolation, 30-150 nm (NTA) No No Local 2019 [164]
infarction Transfection based (Plasmid)
Acute Myocardial Mouse Human peripheral miRNA-21 None After isolation EVs, Chemical About 104 nm No No Local 2019 [165]
infarction blood (Exo-Fect™ Exosome (empty*, NTA)
Transfection kit)
Acute Myocardial Mouse MSCs Stromal-derived None Before EVs isolation, 112.2£19.6 nm No No Local 2019 [166]
infarction factor 1 Transfection based (Plasmid) (empty*, NTA)
Myocardial ischemia Rat BMSCs miRNA 125b None Before EVs isolation, 60-100 nm No No Local 2020 [167]
reperfusion injury Transfection based (miRNA) (empty*, TEM)
Stroke
Cerebral ischemia Rat MSCs miRNA-223-3p None Before EVs isolation, 30-150 nm (TEM) No No LV. 2020 [168]
Transfection based (Lentivirus)
Cerebral ischemia Mouse BMSCs Curcumin c(RGDyK) After isolation EVs, physical About 107 nm No Yes LV. 2018 [169]
peptide (Incubation) (NTA) /| —21.6 mV
(empty*)
Cerebral ischemia Mouse HEK293T Bioactive nerve RVG peptide Before EVs isolation, 20-500 nm (NTA) No Yes LV. 2020 [170]
growth factor Transfection based (Plasmid)
Cerebral ischemia Mouse BM-MSCs miRNA-124 RVG peptide After isolation EVs, Physical NA No Yes LV. 2017 [171]
(Electroporation)
Cerebral ischemia- Rat RAW264.7 Curcumin None Before EVs isolation, 110.1 £8.1 nm No No LV. 2020 [172]
reperfusion injury macrophage Incubation (DLS)
Cerebral ischemia- Rat Adipose-derived Pigment None Before EVs isolation, Chemical ~About 100 nm No No Local 2018 [173]
reperfusion injury stem cells epithelium- Transfection based (Plasmid) (TEM)
derived factor
Cerebral ischemia- Mouse MSCs Curcumin None After isolation EVs, Physical About 118 nm No No LN. 2016 [174]
reperfusion injury (Incubation followed by (empty*, NTA)
freeze-thaw cycle)
Other cardiovascular disease
Aging-induced vascular Mouse UMSCs miRNA-675 None Before EVs isolation, NA No No Local 2019 [175]
dysfunction Transfection based (miRNA)
Atherosclerosis Mouse THP-1 & 293 T Anti-miR-150 None Before EVs isolation, Chemical NA No No LV. 2013 [153]
Transfection based (Anti-miR)
Cardiotoxicity Mouse Blood miRNA-21 None After isolation EVs, Physical 40-400 nm No No LV. 2020 [176]
(Electroporation) (empty*, NTA)
Diabetic Mouse Hsp20-TG Hsp20 None Before EVs isolation, About 100 nm No No LV. 2016 [177]
cardiomyopathy Cardiomyocytes Transfection based (DLS)
(Adenovirus)
Transthyretin Mouse Human primary siTTR with pre- None Before EVs isolation, About 100 nm No Yes LV. 2020 [178]

amyloidosis

neonatal fibroblasts
& HEK293T

miR-45 backbone

Transfection based (Lentivirus)

(NTA)
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Table 2¢
Preclinical studies of EVs as drug delivery systems for neurological disease treatment.
Disease/condition Animal EV donor Active EV surface API loading procedure EV size/charge* EV Biodistribution = Route of Year of Ref.
model cell type pharmaceutical modifications purity  studies administration publication
ingredient (API) stated
Alzheimer’s disease
Alzheimer’s Mouse RAW264.7 Curcumin None Before EVs isolation, Incubation 1174+105nm -49mV  No Yes LP. 2019 [179]
disease Macrophages (DLS)
Alzheimer’s Mouse Dendritic siBACE1 RVG peptide After isolation EVs, Physical About 88 nm (empty*, No No LV. 2011 [180]
disease cells (Electroporation) NTA)
Parkinson’s disease
Parkinson’s Mouse Primary DCs  Anti-alpha- RVG peptide After isolation EVs, Physical About 100 nm (NTA) No No LV. 2019 [181]
disease synuclein (Electroporation)
shRNA-
minicircle
Parkinson’s Mouse HEK293T DNA Aptamer RVG peptide After isolation EVs, Physical About 100 nm (empty*, No No LP. 2019 [182]
disease F5R2 o- (Incubation) TEM)
Synuclein
Parkinson’s Mouse HEK293T Catalase mRNA CD63-L7Ae, Before EVs isolation, Transfection About 100 nm (NTA) No Yes S.C. 2018 [183]
disease RVG peptide & based (Plasmid)
Cx43 S368A
Parkinson’s Mouse Blood Dopamine None After isolation EVs, Physical 70-100 nm (TRPS) Yes Yes LV. 2018 [184]
disease (Incubation)
Parkinson’s Mouse RAW264.7 Catalase None After isolation EVs, Physical 100.5-183.7 nm, PDI 0.2- No No LN. 2015 [185]
disease Macrophages (Sonication, incubation or 0.48 (DLS) & 99.5-
extrusion); After isolation EVs, 162.4 nm (NTA)
Chemical (Incubation with
saponin)
Parkinson’s Mouse Murine siRNA o-Syn RVG peptide After isolation EVs, Physical About 100 nm (empty*, No No LV. 2014 [186]
disease dendritic (Electroporation) NTA)
cells
Other neurological disease
Huntington’s Mouse U87 cells hsiHtt None After isolation EVs, Chemical About 140 nm (NTA) | - No No Local 2016 [187]
disease (Incubation) 32mV
Multiple sclerosis ~ Mouse MSCs LJM-3064 LJM-3064 After isolation EVs, Chemical (Click 133 + 15 nm (DLS) / No No LV. 2019 [188]
aptamer aptamer chemistry) —40.8 mV
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Table 2d
Preclinical studies of EVs as drug delivery systems for inflammatory disease treatment.
Disease/condition Animal EV donor cell Active EV surface API loading procedure EV size/charge* EV Biodistribution  Route of Year of Ref.
model type pharmaceutical modifications purity studies administration publication
ingredient (API) stated
Arthritis
Osteoarthritis Rat SMSCs miRNA-140-5p None Before EVs isolation, 95.01 3591 nm No No Local 2017 [189]
Transfection based (DLS)
(Lentivirus)
Osteoarthritis Rat Dendritic cells miRNA-140 Chondrocyte-  After isolation EVs, 40-200 nm No No Local 2020 [190]
affinity Physical (Electroporation)  (empty*, NTA)
peptide
Rheumatoid arthritis Mouse MSCs miRNA-150-5p None Before EVs isolation, About 100 nm No No L.P. 2018 [191]
Transfection based (DLS)
(Plasmid)
Other inflammatory disease
Allergic cutaneous Mouse T cells miRNA-150 Ab LC After isolation EVs, About 130 nm No No LV. 2013 [192]
contact dermatitis Physical (Incubation) (empty*, NTA)
Brain inflammatory Mouse 3T3L1,4T1, CT26, Curcumin & JSI124 None After isolation EVs, NA No Yes LN. 2011 [193]
diseases A20 & EL4 (cucurbitacin I) Physical (Incubation)
Central nervous system Rat Embryonic PsiRNA-ASC None After EVs isolation, NA No No LV. 2016 [194]
injury cortical neuronal Physical (Electroporation)
neuroinflammation culture
Intestinal fibrosis Rat BMSCs miRNA-200b None Before EVs isolation, About 500 nm No No LV. 2017 [195]
Transfection based (TEM)
(Lentivirus)
Inflammation-related Mouse EL4 Curcumin None After isolation EVs, NA No Yes LP. 2010 [196]
diseases &Macrophages Physical (Incubation)
Inflammatory bowel Rat Dendritic cells IL-10 IL-10 Before EVs isolation, NA No No L.P. 2010 [197]
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Table 2e

Preclinical studies of EVs as drug delivery systems for other disease treatment.

Disease/condition Animal EV donor Active EV surface API loading procedure EV size/charge* EV Biodistribution  Route of Year of Ref.
model cell type pharmaceutical modifications purity  studies administration publication
ingredient (API) stated
Obesity and Diabetes
Diabetes Mouse THP-1 & Anti-miR-150 None Before EVs isolation, Chemical NA No No LV. 2013 [153]
293T Transfection based (Anti-miR)
Type-1 diabetes Mouse hBMSCs siFas & Anti-miR-375 None Before EVs isolation, NA No Yes LV. 2016 [198]
Transfection based (Plasmid)
Obesity Mouse HEK293T miRNA-148a- None Before EVs isolation, 50-300 nm (NTA) No Yes LV. 2020 [199]
responsive PGCla Transfection based (miRNA)
mRNA
Infectious disease
HIV-1 Mouse Dendritic HIV-1-Gp120 None Before EVs isolation, NA No No LV. 2012 [200]
cells Transfection based
(Adenovirus)
Tuberculosis Mouse Bone Mycobacterium RNA  None Before EVs isolation, About 170 nm (NTA) No No LT. 2019 [201]
marrow Transfection based (Bacteria)
macrophage
Kidney disease
Acute kidney Mouse MSCs miRNA-10a-5p & None Before EVs isolation, 100-300 nm (NTA) No No LV. 2019 [202]
injuries miRNA-29a-3p & Transfection based (miRNA)
miRNA-127-3p &
miRNA-486-5p
Chronic kidney Mouse Primary miRNA-29 RVG peptide Before EVs isolation, 91 £ 1.9 nm (NTA) No Yes Local 2019 [203]
disease mouse Transfection based
satellite (Adenovirus)
cells
Chronic kidney Mouse BM-MSCs Erythropoietin Erythropoietin  Before EVs isolation, Incubation NA No No LV. 2015 [204]
disease
Liver disease
Acute liver failure Mouse hUCMSCs TNF-ou None Before EVs isolation, Incubation  30-150 nm (NTA) No No LV. 2020 [205]
Acute liver injury Mouse HEK293 dCas9- VPR/sgRNA None Before EVs isolation, About 50 and 1000 nm Yes Yes LV. 2018 [206]
HGF Transfection based (Plasmid) peaks (DLS) /| About
140 nm (exosome
fraction, NTA)
Acute liver injury Mouse HEK293T miRNA-155 & C/ebpat  CD9-HuR Before EVs isolation, 100 nm (empty*, DLS) No Yes LV. 2019 [207]
gRNA CRISPR/dCas9 fusion protein  Transfection based (Lentivirus)
Hepatitis C Mouse Huh7 shCD81 None Before EVs isolation, NA No No LV. 2012 [208]
Transfection based (Lentivirus)
Muscular disease
Muscular dystrophy Mouse Human CD63-propeptide CD63- Before EVs isolation, About 110.5 nm (NTA) No Yes LV. 2020 [209]
293FT cells propeptide Transfection based (Lentivirus)
Muscular dystrophy Mouse C2C12 cells  Phosphorodiamidate =~ CPO5 peptide  After isolation EVs, Physical About 117.1 nm (NTA) No Yes LV. 2018 [210]
morpholino oligomer (Incubation)
Others
Cutaneous wound Rat MSCs miRNA-126-3p None Before EVs isolation, 64.33 +28.88 nm (DLS) No No LV. 2017 [211]
Transfection based (Lentivirus)
Immunomodulation Mouse THP1 & FasL protein AS1411 After isolation EVs, physical 88.0 £0.09 to No No LP. 2019 [212]
J774A1 aptamer (Incubation) 88.9+1.4nm (DLS) /
-10.0+1.2 to
—20.4 £2.05mV

LV.: Intravenous administration; I.P.: Intraperitoneal injection; LN.: Intranasal; S.C.: Subcutaneous injection; I.D.: Intradermal injection; LT.: Intratracheal administration; MSCs: Mesenchymal stem cells; RVG: Rabies virus
glycoprotein. *Transmission electron microscopy (TEM) was commonly used to observe EV morphology and frequently measure particle size as a secondary readout. If the authors used nanoparticle tracking analysis (NTA),

dynamic light scattering (DLS) or tunable resistive pulse sensing (TRPS) as their main readout for particle size we did not include the size estimated by TEM (following the MISEV2018 guidelines [7]) in the tables.

the size of EVs was determined prior to the loading of APIs.

# w

empty” means
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Fig. 4. Diseases tested in preclinical studies of EVs as drug delivery systems. Proportion (A) and trend (B) analysis of diseases/conditions investigated.
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delivery potential of EVs derived from blood (plasma or serum),
milk or plant although the cellular origin of those EVs were mostly
less defined (Fig. 6b). For studies using cancer cell-derived EVs, the
vast majority (87%) were focused on the treatment of cancer
(Fig. 6¢), likely due to the assumed tropism of cancer cell-derived
EVs towards tumors [105,216]. Other frequently used donor cells
in cancer related studies were HEK293 cells (24%) and stem cells
(14.4%) (Fig.6d). In studies of cardiovascular diseases (Fig. Ge),
stem cell-derived EVs were commonly used (60%).

3.2.4. Active pharmaceutical ingredients (API) associated with EVs

Among all the APIs loaded into or onto EVs in the analyzed pre-
clinical studies (Fig. 7a,b), nucleic acids (46.5%) and small molecule
drugs (39.5%) were the most popular, followed by proteins/pep-
tides (17.8%), oncolytic viruses (2.5%) and nanoparticles (1.9%). Of
note, three nanoparticles, Bi,Se; nanodots/DOX [123], PMA/Au-
BSA@Ce6 nanoparticles [103] and superparamagnetic iron oxide
nanoparticles/Curcumin [49] were considered as APIs for this anal-
ysis since they were encapsulated into EVs as therapeutics. As the
most popular API, the studied nucleic acids (Fig. 7c,d) were mainly
miRNA (39.7%), siRNA/shRNA (30.1%), antagomiR (11%), mRNA
(9.6%), and CRISPR/CAS9 (6.8%). The other nucleic acids (9.6%)
encompassed plasmid DNA, DNA aptamer, IncRNA, CpG DNA and
minicircle DNA. Interestingly, miRNA was particularly used for
inflammatory disease and cardiovascular disease, constituting
55.6% and 40% of the respective publications (Supplementary
Fig. S1a). siRNA/shRNA, however, was frequently used as an API
in the studies (40%) of neurological disease (Supplementary
Fig. S1a). Of notice, siRNA/shRNA, antagomiR, mRNA and CRISPR/
CAS9 used as APIs were mainly reported in cancer studies, whereas
miRNA as an API was used more often for other types of diseases
(Supplementary Fig. S1b).

3.2.5. API loading procedures

APIs can be associated with EVs either before or after EV isola-
tion. Before EV isolation, APIs were loaded via incubation,
transfection-based methods or ultraviolet irradiation (Fig. 8a),

A

Active pharmaceutical ingredients (APIs)

Nucleic acids

Small molecule drugs
Protein/Peptides
Oncolytic virus
Nanoparticles

API: Nucleic acids

mIRNA
SiIRNA/shRNA
AntagomiR

mRNA
CRISPR/CAS9
Other nucleic acids
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whereas after EV isolation (Fig. 8b) APIs were loaded by either
physical (electroporation, plain incubation, sonication, etc.) or
chemical procedures (transfection kit, mix with organic solvent,
etc.). Interestingly, we found no obvious preference of API loading
before versus after EV isolation in the past decade (Supplementary
Fig. S2). API loading before EV isolation was mainly achieved
through transfection-based methods (77.9%), including viral trans-
duction, plasmid, miRNA, and antagomiR transfection (Fig. 8a). The
frequency of API loading before EV isolation using plain incubation
(11.7%) and incubation post UV irradiation of the cells (10.4%) is
similar. As shown in Fig. 8b, API loading after EV isolation was
mainly performed with physical procedures like electroporation
(39%), plain incubation (29.3%) and sonication (12.2%); and less
than 20% studies employed chemical procedures such as transfec-
tion (9.8%) and mixing with organic solvents (7.6%). For the past
decade, the use of electroporation has been increasing and reached
58.8% in the year 2020 among all studies involving API loading
after EV isolation (Fig.8b). Surprisingly, only nucleic acids
(59.4%) and small molecule drugs (40.6%) were the APIs loaded
by electroporation (Supplementary Fig. S3).

3.2.6. Surface modification status

Surface modification of EVs, and nanoparticles in general, with
targeting ligands and other molecules represents a well-known
and widespread method for targeting cells in organs and tissues
of interest. Digging deeper into the targeting ligands used in EVs
up to date, they were extensively discussed in a recent review by
Gudbergsson et al., i.e., the most common type of targeting ligands
used in EVs as DDS are small peptides (38%), transmembrane
proteins (34%) and antibody fragments (25%) [217]. For EVs as
DDS in preclinical models, similar numbers of studies used
surface-modified and surface-unmodified EVs although more stud-
ies intended to use EVs without surface modification in recent
years (Fig. 9a,b). Despite PEGylation is commonly used for lipo-
somes and other non-cell derived DDS to increase the circulation
time, we found that only two recent studies (1.3%) using EVs as
DDS in preclinical models incorporated PEG to modify EV surface
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Fig. 7. Active pharmaceutical ingredients (APIs) in preclinical studies of EVs as drug delivery systems. Proportion (A) and trend (B) analysis of APIs used. Proportion (C) and

trend (D) analysis of the subtypes of nucleic acids used as APIs.

19



P. Escudé Martinez de Castilla, L. Tong, C. Huang et al.

A

API loading procedures before EV isolation

== Transfection based
== |ncubation
== Ultraviolet irradiation

Total=77

B

API loading procedures after EV isolation

[
v

Physical: Electroporation
Physical: Plain incubation
Physical: Sonication

Chemical: Transfection kit
Chemical: Mix with organic solvent
Other

Total=82

Advanced Drug Delivery Reviews 175 (2021) 113801

Trends in API loading procedures before EV isolation

20
-

o 15 -
E b ind
510 -
w
o
°
= 5

0

S N & 0 AR 0O
NN RN N NNNNN Q@

S S S S

Year

Transfection based
Incubation
Ultraviolet irradiation

Total publications API loading
before EV isolation

Trends in API loading procedures after EV isolation

20

N° of articles
= o
o o

LB LR I ]

Physical: Electroporation
Physical: Plain incubation
Physical: Sonication

Chemical: Transfection kit
Chemical: Mix with organic solvent

Other
Total publications API loading
after EV isolation

Fig. 8. API loading procedures for preclinical studies of EVs as DDS. (A) Proportion and trend analysis of API loading procedures before EV isolation. Total: 77 publications. (B)
Proportion and trend analysis of API loading procedures after EV isolation. Total: 82 publications.

A

EV surface modifications

== Unmodified
== Modified

C

B

Trends in surface modifications

N° of articles
N
o
1

Proportion of surface modifications in EVs by disease

Proportion of publications
o o000 090O0=
o NWBHABOON®®OO
L i 1 1 1 1 1.1

0.1
T T
> > >
ob(\\e:b@? cb(\\é’ S 8@3@» ob@& & oé\\é’ é&o
& ¥ ¥ N & «

=
|
|
[}

104
0" T 1T TrTrTr 11
S N O B o o A O D
NGRNN G JN IRN RA)
S E S S S S S S S
Year
Cancer

Cardiovascular
Neurological
Inflammatory
Other disease

-= Unmodified
-+ Modified
-e- Total publications

Fig. 9. Surface modification status in preclinical studies of EVs as drug delivery systems. Proportion (A) and trend (B) analysis of surface modifications of EVs as DDS in
preclinical studies. (C) EVs with or without surface modifications used as DDS in preclinical studies of various diseases.

[81,129]. We further investigated the application of EV surface
modifications in different disease studies (Fig. 9c). We found that
85% of cardiovascular disease studies used EVs without surface

modifications, perhaps due to the difficulties in manipulating
MSCs, representing 60% of EV donor cells in cardiovascular disease,
and the extensive use of local administration (40%) in cardiovascu-
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lar disease studies (Supplementary Fig. S4). In contrast, 60% of the
neurological disease studies used EVs with surface modifications,
mainly featuring the addition of the RVG peptide (83.3%) that pre-
sumably facilitates transcytosis of EVs across the blood brain bar-
rier (BBB) via targeting the alpha-7-subunit of the nicotinic
acetylcholine receptor found in the brain [180,218].

3.2.7. Size and zeta potential

Measuring the size and size distribution of nanoparticles is cru-
cial for assessing the stability and drug delivery efficiency of a DDS.
EVs are notorious for their high heterogeneity in size, which is
influenced by multiple factors, including cell sources, cell culture
conditions or EV producing microenvironment, and EV isolation
procedures [219]. In addition, most of the current methodologies
have various technical limitations and are not able to detect the
smallest EVs (bellow 30 nm), making it particularly difficult to
compare EV parameters such as concentrations, size and size dis-
tribution [220]. In our systematic analysis (Fig. 10a,b) we observed
that the majority of publications used nanoparticle tracking analy-
sis (NTA) and dynamic light scattering (DLS) to determine EV size,
representing 47.1% and 38.9% of total publications, respectively.
Importantly, the utilization of these two methods keeps increasing
in the recent years. DLS is broadly used to measure nanoparticles of
a wide range of sizes, however, it suffers from severe limitations of
accurately measuring the size or size distribution of polydisperse
samples that contain mixed particle populations. In contrast,
NTA, obtains size information based on the Brownian motion of
individual particles. Given the high heterogeneity of isolated EVs,
NTA outperforms DLS and therefore is recommend for measuring
EV size by the International Society for EVs [8,221-223]. 12.7% of
the publications, to our surprise, did not measure EV size or size
distribution. Furthermore, although most studies used transmis-
sion electron microscopy (TEM) to confirm EV size (as a secondary
readout to DLS or NTA) while examining EV morphology, 5.7% of
total studies only used TEM to estimate EV size. However, the vac-
uum pressure in TEM and sample preparations including fixation
and dehydration probably affect the size of EVs [220]. Other EV size
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measurement methods, namely Tunable Resistive Pulse Sensing
(TRPS) and flow cytometry acquainted for 1.3% and 0.6% of the
publications, respectively.

Zeta potential, determined by DLS, which measures the surface
charge of nanoparticles, is another important parameter affecting
the stability, potential of aggregation and drug delivery effective-
ness of EVs used as DDS. However, only 21.7% of the publications
reported zeta potential of EVs (Fig. 10c). This means that nearly
half of the studies using DLS for EV size measurement did not
determine zeta potential at the same time. Nevertheless, among
those studies that determined the zeta potential of EVs (Fig. 10d),
23.5% reported a neutral surface charge (between 0 and —10 mV)
and 76.5% reported a negative surface charge (zeta potential below
—-10 mV).

3.2.8. Estimation of purity

Purity has become a critical issue to develop EVs as DDS due to
the complex biological origin of EVs and the existing challenges in
isolation procedures. As a drug delivery platform, low purity of EVs
may compromise the drug loading efficiency and cause unexpected
toxicity [224]. However, purity assessment is difficult. For instance,
NTA cannot distinguish EVs from other particles such as LDL and
protein complexes [225]. TEM allows the distinction of EVs from
other non-EV particles [225,226], however, it is not able to quantify
soluble contaminants in the sample [227]. Another informative
strategy is using western blotting to semi-quantitatively examine
the presence of EV proteins and known non-EV markers (e.g., cal-
nexin) [227]. In this systematic review, we identified 8 studies that
assessed EV purity according to the MISEV2018 guidelines, i.e.,
reporting quantitative ratios of protein:particle, lipid:particle or
lipid:protein as an indicator of the purity of EVs [8], representing
only 5.1% of the reviewed publications (Fig. 11a). In fact, all those
studies reported the ratio of protein:particle rather than ratios of
lipid:particle or lipid:protein. Excitingly, we observed an increas-
ing trend in the number of publications that evaluated EV purity
by reporting protein:particle ratio over recent years (Fig. 11b),
especially after the publication of the latest MISEV guidelines in
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Fig. 10. EV size and zeta potential measurement in preclinical studies of EVs as DDS. Proportion (A) and trend (B) analysis of EV size measurement methods. Proportion (C) of
studies reporting EV zeta potential and qualitative analysis of the reported zeta potential (D).

21



P. Escudé Martinez de Castilla, L. Tong, C. Huang et al.

A

EV purity analysis

== Protein:particle ratio reported
== Protein:particle unreported

Advanced Drug Delivery Reviews 175 (2021) 113801

Trends in EV purity analysis

40 . :
Protein:particle
ratio reported

8 30 Protein:particle
.;-E’ unreported
S 20 -~ Total publications
°
o
Z 10

¥ = =S-SR

NN S

Fig. 11. Purity analysis of EVs as DDS in preclinical studies. (A) Proportion and (B) trend analysis of studies reporting EV purity with protein:particle ratio.

2018. still, the applicability of this methodology is an issue and
impurities in the form of protein aggregates [226] or non-EV parti-
cles of a similar size (e.g., LDL and VLDL) [228] cannot be discrim-
inated. To address those issues, other methodologies such as flow
cytometry detecting EV-specific markers (e.g., CD63, CD81, CD9)
[148,151,229,230] may be combined with the current ones. All in
all, our findings point out the lack of consensus of a “gold standard”
to determine EV purity.

3.2.9. Biodistribution studies

Monitoring biodistribution is an essential step in preclinical
studies to elucidate the final destination of the administered EVs,
thus providing valuable information on their targeting efficiency,
pharmacokinetics and potential toxicity. Among all the preclinical
studies of EVs as DDS included in our systematic analysis, 49.7%
performed biodistribution experiments (Fig. 12a). Despite the
number of studies reporting EV biodistribution has been increasing
over the past decade, the change in the percentage of such studies
is not impressive (Fig. 12b). The higher proportion of studies
reporting EV biodistribution in 2018 (66.7%) and 2020 (55.9%) sug-
gests that this issue is gaining attention in the field. Furthermore,
we noticed that two methodologies were commonly used to inves-
tigate biodistribution EVs as DDS: tracing EVs labeled with fluores-
cence probes via in vivo optical imaging [80,184], or quantitative
profiling the delivered cargoes in various animal organs ex vivo
using analytical chemistry methods (e.g. HPLC or LC-MS) [75].
Given the possible disassociation between the vector and the
cargo, combination of the two methodologies to monitor the
biodistribution of both EVs (DDS) and delivered cargoes is recom-
mended for future studies.
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3.2.10. Administration routes

The administration routes of EVs as DDS in preclinical studies
are important as they play a critical role in the pharmacokinetics
and pharmacodynamics of drug-loaded EVs. Some studies have
given evidence that tissue distribution and clearance rate of EVs
might be influenced by the route of administration [227]. For this
purpose, we evaluated the different administration routes of EVs
that were used in the selected publications. Intravenous adminis-
tration has been the dominant route of administration over the
past decade (63.1%), gaining particular popularity in recent years
(Fig. 13a,b). In 2020, 88.2% of all the publications used intravenous
administration to apply EVs for drug delivery studies (Fig. 13b).
Examining the routes of administration for each of the disease
groups (Supplementary Fig. S3) shows that the main administra-
tion routes for cancer studies are intravenous (64.4%), local (19.2%)
and intraperitoneal (11.5%) administration, while for cardiovascu-
lar diseases they are intravenous (55%) and local (40%)
administration.

3.3. Clinical trials of EVs as DDS: On the way to reach patients

A clear reflection of the promising therapeutic results accom-
plished with EVs in preclinical studies is the appearance of multi-
ple clinical studies involving drug delivery through EVs in patients
(Table 3).

Already five clinical trials have been using EVs as drug delivery
systems in patients. Two of those clinical trials are in Phase I, one is
in Phase I/Il and the other two are in Phase II. In line with what can
be seen from preclinical studies of the past decade, where 66.2% of
the articles correspond to cancer studies, 80% of the clinical trials
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Fig. 12. EV biodistribution in preclinical studies of EVs as DDS. Proportion (A) and trend analysis (B) of studies reported EV biodistribution.
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Fig. 13. Administration routes in preclinical studies. Proportion (A) and trend (B) analysis of administration routes of EVs as DDS in preclinical studies.

Table 3
Clinical trials of EVs as DDS.
Disease EV donor cell type Compound Phase, Status NCT NO.
Enrollment
Acute ischemic stroke Mesenchymal stem MiR-124 Phase I/II, 5* Recruiting (Estimated Study Completion Date: March 17, NCT03384433
cells 2021)
Pancreatic cancer Mesenchymal stem  siRNA Phase I, 28" Not yet recruiting (Estimated Study Completion Date: NCT03608631
cells KrasG12D March 2022)
Colon cancer Plant cells Curcumin Phase [, 7 Active, not recruiting (Estimated Study Completion Date: NCT01294072
December 2022)
Malignant ascites & Pleural ~ Tumor cells Chemothera- Phase 1II, 30" Unknown' (Estimated Study Completion Date: March NCT01854866
effusion peutics 2014)
Malignant pleural effusion Autologous tumor  Methotrexate Phase 11, 90* Recruiting (Estimated Study Completion Date: December NCT02657460
cells 2019)

! Study has passed its completion date and status has not been verified since September 2013.

" Estimated enrollment.

(4/5) are focused on cancer treatment. The remaining clinical trial
aims to treat patients with acute ischemic stroke. Also, in preclin-
ical studies cardiovascular diseases were second during the past
decade (12.7%). Cancer cells and stem cells represent the two main
EV donor cell types, similar to that in preclinical studies, in clinical
studies (40% of the totality each). Moreover, the types of APIs
loaded in EVs, including small molecule drugs, miRNA and siRNA
represent 60%, 20% and 20%, respectively, of the five clinical trials,
also similar to the trends observed in preclinical studies (39.5%,
18.5% and 14%, respectively). Although it is difficult to reach a sta-
tistically meaningful conclusion with only five clinical trials, the
interesting similarities observed between clinical and preclinical
studies as discussed above may not be coincidental. Along with
the recent increase in pre-clinical and clinical trials using EVs as
drug delivery systems, up to date there are 20 other clinical trials
based on the intrinsic therapeutic function of unmodified EVs
(Supplementary Table S2). We consider that it is of vital impor-
tance to establish a multifactorial comparison between the current
gold standard of nanomedicine, the liposomes, and EVs, to achieve
a meaningful assessment of the possible niches where to poten-
tially use EVs as DDS.

4. Liposomes versus EVs for drug delivery: heads up

4.1. Short overview of EVs as therapeutic delivery vehicles in
comparison with liposomes

The main challenges in delivery of therapeutics to the site of
action are off-target toxicity, rapid clearance, and low accumula-
tion and bioavailability in target tissue, cell or organelle [229]. To
circumvent these challenges, a broad range of synthetic delivery
vehicles (liposomes, lipid nanoparticles, polymeric micelles, inor-
ganic nanoparticles, dendrimers, etc.) have been developed in the
last few decades with some of them already clinically approved.
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The main concept of a drug delivery vehicle is that the tissue dis-
tribution and the body clearance are governed by the characteris-
tics of the vehicle instead of those of the drug itself [230-232]. Out
of the available spectrum of all nanoparticles, the most successful
delivery vehicles up to date, with the highest number of clinical
approvals on the market, are the liposomes. Given their similarity,
a side-by-side comparison of EVs with liposomes, regarding their
physicochemical properties and their drug delivery capacity, is
presented next (Fig. 14).

4.2. Physical features, production and quality control

Liposomes are structurally similar to EVs as they are composed
of a lipid bilayer around an aqueous compartment [233]. Similarly,
EVs can carry hydrophobic drugs within the lipid membrane
bilayer and hydrophilic drugs in the aqueous core [234]. In addi-
tion, the dimensions of the clinically approved liposomes are
around 100 nm [235-239], similar to exosomes and microvesicles
[8,53]. This size is compatible with avoidance of premature clear-
ance by macrophages, which increases with increasing particle
size, and renal clearance, which occurs to particles with hydrody-
namic radius lower than 5-6 nm [240,241]. Moreover, the size of
these liposomes allows extravasation at certain body sites after
intravenous administration and uptake by cells [242,243]. Despite
the similarities they share, a number of differences exist between
liposomes and EVs as drug delivery vehicles (Fig. 14). This can be
illustrated by comparing EVs with the pioneer liposomal formula-
tion of Doxil®/Caelyx®, PEGylated liposomes loaded with the
chemotherapeutic doxorubicin [244]. Being approved by the FDA
in 1995 and the European Medicines Agency (EMA) in 1996, it
was the first nanoparticular drug brought to the market. Compared
to EVs, clinically used liposomes like Doxil® are composed of a lim-
ited number of defined lipids but no cellular components such as
proteins and genetic materials [245], and, therefore, they are rela-
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Fig. 14. Liposomes versus EVs. (A) PEGylated liposomes split in quadrants: lipophilic drugs loaded in the bilayer membrane; ligands can be incorporated to increase tissue
targeting specificity; hydrophilic drugs can be loaded in the lumen of liposomes; Onpattro, the first U.S. Food and Drug Administration (FDA) approved siRNA loaded lipid
nanoparticles, is made of ionizable lipids, cholesterol, PEGylated lipids, and helper lipids. (B) EVs as a drug delivery system (DDS): proteins, hydrophilic drugs and nucleic
acids (miRNA, siRNAs, mRNAs, etc.) can be loaded in the lumen of vesicles whereas targeting ligands, membrane proteins and lipophilic drugs can be incorporated in the

membrane.

tively easy to handle in pharmaceutical quality control and large-
scale manufacture processes. While the initial Doxil® contained
naturally sourced phospholipids, like hydrogenated soy phos-
phatidylcholine, the current formulation only uses synthetic phos-
pholipids. A variety of high throughput methods exist to
manufacture liposomes, including extrusion, ethanol injection
and microfluidic mixing. Because of the self-assembly of liposomes
from all the individual components, full control exists over the
composition, including the constitution of the aqueous phase. This
is exploited in the Doxil® formulation by loading a high concentra-
tion of ammonium sulphate in the liposome interior. The gradient
of this salt over the membrane serves as the driving force for the
subsequent remote loading of doxorubicin. Similarly, in Vyxeos®,
the exact proportion of two co-encapsulated drugs (daunorubicin
and cytarabine) can be controlled during production to obtain
the optimal ratio for synergistic action.

EVs, however, contain the full repertoire of cellular lipids and
are particularly enriched in lipid raft components like sphin-
gomyelin, cholesterol and lysophospholipids. It is noticeable that
a higher degree of complexity can be achieved with EVs in compar-
ison with mixing individual components in liposomes. Further-
more, due to the presence of biomolecules in the membrane and
core, additional binding pockets may be present in EVs for drug
loading. However, loading into pre-formed EVs is extremely chal-
lenging [49]. This presents a challenge for manufacture and quality
control as the particular EV composition is a snapshot of the cell at
the time of production which may vary from cell to cell, from cul-
ture condition to culture condition and over time. In terms of pro-
duction and harvesting of EVs, so far scale-up remains highly
challenging.

4.3. In vivo administration of EVs and liposomes

4.3.1. Nanoparticles (EVs & liposomes) are rapidly cleared by the
mononuclear phagocyte system (MPS)

Liposomes represent biodegradable and biocompatible DDS
with exceptionally versatile high-throughput preparation and drug
encapsulation efficiencies, allowing lyophilization and surface
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modifications [246]. However, there are still some obstacles that
need to be overcome to obtain improved drug efficacy, diminished
drug toxicity and reduced off-target effects. One of the biggest hur-
dles to obtain optimal drug delivery to the target tissue is the rapid
systemic clearance of liposomes from the blood through the
mononuclear phagocyte system (MPS) mediated by the opsoniza-
tion of the liposomes (surface adsorption of serum proteins) and
the subsequent phagocytosis by macrophages, mainly those in
the liver and spleen [247]. Apart from macrophages, other cells
of the reticuloendothelial system (RES), such as liver sinusoidal
endothelial cells, have also been reported to take up and clear lipo-
somes [248,249].

In a similar fashion, EVs are rapidly cleared by the MPS after
systemic administration in vivo, notwithstanding their composi-
tion [250,251]. Likewise, after intravenous injection of EVs
in vivo, the biodistribution profile of EVs resembles that of non-
pegylated liposomes of the same size and surface charge [252].
In order to reduce immunogenicity and to avoid rapid blood clear-
ance of liposomes, polyethylene glycol (PEG) surface coating is
widely used, thereby enabling more accumulation in the target tis-
sue [253]. The decoration of EVs with PEG or PEG-coupled target-
ing ligands has been proposed as a promising strategy to
enhance EV drug delivery capacities [81,129,254]. Another inter-
esting strategy is the selection of subsets of EVs that contain speci-
fic surface proteins like CD47. This protein acts as a “don’t eat me
signal” in EVs and may confer them the ability to circumvent the
MPS and exhibit longer circulation time [148,255]. Furthermore,
transiently blocking the RES through systemic administration of
empty liposomes or other substances like dextran sulfate has been
explored to obtain a substantial increase in functional drug deliv-
ery and tumor accumulation for both drug-loaded liposomes and
EVs [256-258].

4.3.2. Accelerated blood clearance (ABC) phenomenon upon multiple
injections of nanoparticles

ABC was first reported by Dams et al. by showing that PEGylated
liposomes exhibited enhanced clearance and loss of effectiveness
upon repeated administration [259]. This is due to their opsoniza-
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tion by anti-PEG IgM antibodies and subsequent complement acti-
vation response [260,261], which accelerates the recognition and
clearance of successive injections of PEGylated liposomes particu-
larly by liver macrophages. Strategies that have been reported to
possibly circumvent the ABC phenomenon include increasing the
lipid dose for the first injection or administering a small pre-dose
before the second liposomal injection [262]. Similarly, PEG chain
modification of the EV surface is a common method used to pro-
long the circulation time of EVs [254], and it is reasonable to
assume that the ABC effect also applies to PEG-coated EVs and sub-
sequently affects the effectiveness of EVs, since the occurrence of
the ABC effect in case of other PEGylated non-liposomal nanopar-
ticles has been reported as well [263,264]|. Different strategies
could be applied in order to circumvent potential ABC effect in
EVs by: 1) using substitutions of PEG chains [260,265]; 2) admin-
istering immune suppressive agents [260] or 3) applying modified
anti-PEG Ab to compete with the natural anti-PEG Ab [266].

4.3.3. Complement activation-related pseudoallergy (CARPA) upon
nanoparticle injection

CARPA is an acute allergic reaction with symptoms including
cardiopulmonary, hemodynamic, and an array of other pathophys-
iological changes [267]. It has been reported that lipidic nanopar-
ticles could trigger adverse immunological reactions, and result
in hypersensitivity CARPA, hindering their clinical use in hypersen-
sitive patients [268]. The severity of CARPA after systemic liposo-
mal administration in patients is influenced by morphological
properties, size, surface charge, PEGylation, and cholesterol con-
tent, amongst other characteristics of liposomes [268]. A represen-
tative example is Doxil®, which has been reported to elicit rare but
serious acute infusion reactions in cancer patients [269]. Therefore,
CARPA has been recognized as a safety issue. Although a number of
studies have confirmed the administration of liposomes could
result in adverse CARPA reactions, its exact mechanism is still
unknown. At the same time this provides an opportunity for inves-
tigating the application of EVs as DDS, but potentially without
CARPA triggering. EVs may have the potential to overcome CARPA
effects as some studies claimed that EVs consist of a natural cock-
tail of biomolecules that do not cause adverse reactions linked to
liposomal particle infusion [270,271]. But still, regarding possible
CARPA adverse reactions after administration of EVs, their occur-
rence remains uncertain. A Phase I clinical trial indicated that den-
dritic cell-derived EVs caused mild inflammatory reactions after
subcutaneous administration in half of the patients [272,273].
However, in some studies using pig models, CARPA-related adverse
effects were not observed after intracardiac administration of
human MSC-derived EVs, while low doses of liposomes could
induce shock-like symptoms [46,47]. Regarding the CARPA adverse
reactions after administration of EVs, these remain uncertain and
demand extensive research as the current experimental evidence
is too limited [46,47,270,273]. Of note, it is generally accepted that
the choice of species for preclinical validation is important to
assess possible adverse reactions after infusion of EVs and lipo-
somes [3]. CARPA adverse reactions are not that common in
rodents as they are in humans and other species such as human-
like pigs [3]. Therefore, the latter might be more suitable for these
types of studies.

4.3.4. Biodistribution profiles: passive vs. active targeting

All the approved liposomal drugs on the market rely on passive
targeting, and only a small proportion of the actively targeted for-
mulations have reached clinical stages. This is due to the fact that
even with surface ligand-targeting a specific receptor on target
cells, the accumulation of liposomes is still considered to be dic-
tated by passive extravasation processes referred to as the
enhanced permeability and retention (EPR) effect [274]. Regarding
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drug delivery in some types of cancer, liposomes take advantage of
the EPR effect caused by the leakiness of the tumor vessels to
achieve higher tumor accumulation [275]. Via the EPR effect, lipo-
somes with longer circulation time are prone to accumulate in the
tumor [234] or injured myocardium [276]. Interestingly, liposomes
have also been suggested in a recent study to enter tumors through
a process mediated by endothelial cells that line tumor blood ves-
sels [277]. A better understanding of those pathways will help the
development of more effective nanomedicine strategies.

In the case of EVs, studies have shown that EVs with a size
below 100 nm are also capable of achieving enhanced tumor tar-
geting through the EPR effect in some tumors [278,279]. Still, EVs
naturally and inevitably exhibit an interactive surface which
makes them natural actively targeted carriers. However, they dis-
play, in general, short circulation time which limits their opportu-
nity to take advantage of passive targeting. Enrichment of “don’t
eat me” surface molecules such as CD47 that likely enable EVs to
escape from the MPS clearance system [148]| might help to engi-
neer EVs for passive targeting. Of note though, the EPR effect is
rather diversified being only present in some types of tumors
and varies among individuals and tumor types and should not be
regarded as a general characteristic of solid malignancies, as evi-
denced in clinical canine cancer patients [262]. Furthermore, the
preclinical models used for cancer studies may not necessarily rep-
resent the EPR features of human tumors as they often have a dif-
ferent microenvironment and growth kinetics [280]. For preclinical
testing of EVs as a DDS, these potential challenges need to be
addressed and the data should be extrapolated to the human situ-
ation with caution as the EPR effect is less significant in the clinic
than in rodents (especially in xenograft models) [281].

Certain EV subsets display organotropic or tumor-targeting
capacities [282], and the targeting properties of EVs can be modi-
fied by genetic engineering of the donor cells [255]. From a biodis-
tribution point of view, the majority of administered liposomes
end up in the liver and spleen due to removal by the MPS. In a sim-
ilar fashion, despites their interactive surfaces, passive biodistribu-
tion of EVs is a big challenge for drug delivery applications as the
predominant uptake organs for EVs in the reported studies so far
are also the liver and spleen [3]. Nonetheless, integrin expression
profiles on EVs have been reported to directly relate to tissue
organotropism to the lung, liver and brain [282]. Moreover, each
tumor-derived EV population exhibits organotropism towards
specific organs where EV parental cell lines originate [282]. These
results reinforce the concept that selection of EV sources might
be key to achieve specific tissue targeting [245,278].

4.3.5. Pharmacokinetics and pharmacodynamics (PK/PD)

PK/PD as a simulation system based on the drug’s physiological
and pharmacological effects can provide valuable information on
the treatment efficacy of drugs [283]. Compared with free forms
of drugs, encapsulation of drugs in liposomes prevents rapid clear-
ance and remarkably changes the PK profile of drugs [284]. For
example, systemic clearance of doxorubicin in humans is reduced
from 45 L/h to 0.1 L/h and accumulation in targeted tumors is
increased by 4 to 16-fold upon encapsulation into liposomes, i.e.
Doxil® [285]. Liposomal amikacin, Arikayce®, is another example
of a marketed liposome suspension. Compared to intravenous
administration of free amikacin in rats, inhalation of Arikayce®
increases the concentrations of amikacin in the lung, airways,
and macrophages by 42-, 69-, and 274-fold, respectively [286].
Compared with liposomes, EVs might have potential to reduce
MPS-mediated clearance due to the presence of surface CD47
[148] but more evidence is demanded. EVs derived from five differ-
ent cell types showed comparable physicochemical (particle size
and zeta potential) and pharmacokinetic properties (biodistribu-
tion and EV time course in the serum) after injection into mice
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[287]. Unfortunately, very little information is available regarding
PK/PD properties of EVs, which is likely due to the challenge of
large-scale EV production and the presence of endogenous EVs. A
comprehensive understanding of the PK/PD properties of EVs as
DDS is still missing but crucial for EVs to reach the clinic.

5. Critical discussion

Through the detailed, systematic analysis of the selected publi-
cations we obtained a global picture of the field of EVs as DDS and
its future trends. These studies tested EVs as DDS primarily in mur-
ine cancer models after intravenous administration. The increasing
number of publications using EVs as DDS in cancer studies relates
to the potential that EVs harbor for tumor targeting, cancer vacci-
nation/antigen presentation and their capacity to carry a vast array
of therapeutic molecules such as nucleic acids and small molecule
drugs. The majority of EV donor cell types used in those publica-
tions were cancer cells, stem cells and HEK293 cells, while the
majority of APIs loaded into EVs were nucleic acid therapeutics
and small molecule drugs. Regarding nucleic acids as APIs, these
mainly corresponded to miRNA and siRNA/shRNA. This is in line
with the general increase in their therapeutic use and suitability
for EV loading demonstrated during the recent years. We found
no obvious preference of API loading before versus after EV isola-
tion and the loading of isolated EVs was done by electroporation
in about one third of the studies. Moreover, nearly half of the stud-
ies used EVs subjected to surface modifications, leaving plenty of
room for debate on whether such modifications are of significance
for increasing the therapeutic efficacy of APIs but sacrificing sim-
plicity and reproducibility. From our results we can also infer that
the usage of NTA and DLS for measuring EV size and size distribu-
tion has been increasing in the recent years, whereas EV zeta
potential is unexpectedly neglected in most studies. Furthermore,
approximal half of the studies performed EV biodistribution analy-
sis. Finally, but disappointingly, reports on the purity of tested EVs
for drug delivery remain scarce.

5.1. Seeing the glass half empty: Missing gaps for establishing EVs as
effective and safe drug delivery systems

After analyzing the preclinical studies on EVs as drug delivery
systems, we have to conclude that essential information for a
proper understanding of the behavior and effects of EVs used is
missing in many of the publications. Information such as EV
heterogeneity, size and charge range, characterization of EV intrin-
sic content, safety, robust biodistribution studies, calculations of
final API loaded concentration, storage conditions or comparison
with liposomal carriers is often not or only poorly reported.

5.1.1. Challenges in production, isolation, purity and characterization

Major challenges are production, isolation, purity and charac-
terization. Biological production methods are by definition difficult
to standardize. It requires full control over cell culture conditions,
genetic stability of the culture and the presence of cellular sub-
types or contaminants. Production of EVs is higher when cells are
in suspension but not all cell types can be grown under such cir-
cumstances. The development of efficient bioreactors for EV pro-
duction might offer a promising way of generating large amounts
of EVs with the possibility to scale up the process for clinical pur-
poses. Even then, therapy with EVs will remain a costly drug deliv-
ery strategy. Well-established isolation methods like
ultracentrifugation represent a hassle for large-scale production
of undamaged EVs; other methods such as tangential flow filtra-
tion (TFF) might be more suitable for this purpose [234]. EV sam-
ples are still a mixture of bilayered vesicles and diverse
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lipoprotein particles in the vast majority of the studies we system-
atically reviewed, with little or no indication given on the level of
EV purity. The lack of EV purity in the isolated fractions is of big
concern and hampers their clinical translation. In addition, EV
heterogeneity has hindered their characterization at the subtype
level, as well as subclass-specific modification of properties and
biological activity [15-18]. The lack of characterization, in turn,
poses challenges in the interpretation of biodistribution and intra-
cellular delivery results [288]. Moreover, due to this lack of charac-
terization of EVs intrinsic content, additional attention is needed
regarding safety. A clear risk example would be the use of EVs
derived from cancer cell lines as drug delivery systems, even
though such EVs have been reported to play a key role in malignant
processes like the formation of pre-metastatic niches.

5.1.2. Misleading information on EV biodistribution

Another important challenge is the lack of standardized meth-
ods to study EV biodistribution. The use of fluorescently labeled
lipids, or lipid conjugated dyes presents two fundamental prob-
lems: 1) imaging of a fluorophore or a tracer dye is not necessarily
imaging of the EV itself as the labeling probes may drop off from
the EVs. This phenomenon has been recently reported for lipo-
somes [289]. Other labeling approaches (please refer to the com-
prehensive review by Gangadaran et al. [290]), including
magnetic nanoparticles, radiolabeling, or indirect labeling via
genetic modification of the parental cells to pack bioluminescent
reporter proteins into or onto EVs, in combination with more
sophisticated (but usually expensive) imaging modalities like mag-
netic resonance imaging (MRI), may confer more accurate biodis-
tribution profiles of EVs. Similar to non-cell derived nanoparticles
such as liposomes, majority of injected EVs accumulate in the liver,
spleen and lungs regardless of their origin, likely due to recognition
by the recipient’s MPS [291]. However, a recent study that geneti-
cally labeled cardiomyocyte-derived EVs using a CD63NanoLuc
reporter in transgenic mice demonstrated that endogenous EVs
were mainly taken up by the thymus, testis, lung and kidney
instead of the liver [292]. These discrepancies in biodistribution
of endogenous and exogenous EVs indicate that EV isolation, stor-
age, labeling strategy, or allogeneic-induced recognition of EVs by
the MPS alter the biological behavior of EVs in vivo. Examining EV
biodistribution has been considered as monitoring EV cellular
uptake and therefore EV delivery of cargoes, however, cellular
uptake of EVs might not correspond to the ultimate delivery of
the cargo as the loaded cargo may escape or be leaked from the
EVs. A possible strategy to solve this disconnection between cellu-
lar uptake of EVs and functional delivery of their cargoes would be
the use of two labeling methodologies simultaneously (for cargo
and EV membrane, respectively) to study the colocalization of
two physiochemically distinct labels. Even then, cellular internal-
ization of both EVs and their cargoes may not guarantee the suc-
cessful delivery. This was recently reported by Reshke et al. as
cellular uptake of GFP siRNA loaded EVs failed to knock down
GFP in Kupffer cells in mice [178]. Thus, EV biodistribution data
should be interpreted with caution.

5.1.3. Complications in upscaling, loading strategies and storage

In line with the previously mentioned issues regarding isolation
and characterization of EVs comes the challenge of efficient upscal-
ing of EVs for clinical use. Reproducibility remains an issue with
batch to batch production [293] and this matter is also of great
concern for academic research, which would benefit enormously
from reproducible and reliable experimental conditions. To use
EVs in drug delivery, the lack of effective loading strategies that
do not compromise the structure and functions of EVs is problem-
atic. Exogenous loading methods have been reported to give vari-
able outcomes and loading efficiencies whereas for genetic
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engineering of the parental cells, loading capacities remain gener-
ally low [293-295]. Better understanding of the intracellular for-
mation, release and trafficking processes, might improve API
loading. Another aspect, which is often not mentioned in preclini-
cal studies, is the storage condition for the EVs used. It is essential
that storage conditions that assure EV functionality are used, in
order to guarantee current Good Manufacturing Practices (cGMP)
[18]. There is a general agreement by the scientific community to
support storage of EVs at —80 °C [52]. Cryoprotectants such as tre-
halose may be necessary to protect damage and aggregation of EVs
induced by freezing/thawing during storage and recovery [296].
Notably, the study of EV stability under different conditions could
be crucial to determine their feasibility for clinical use as not all the
countries have the resources to guarantee —80 °C storage at clinical
centers.

5.1.4. Lack of comparison with liposomes

Surprisingly, we found that as of today there are only very few
publications that have done a head-to-head comparison in delivery
efficiency of EVs versus liposomes [148,178,297]| and from these
some are comparing EVs to liposomes without giving sufficient
information on the type of liposomes used [148]. Given the similar-
ity in size, shape and basic membrane composition (phospho-
lipids), to examine the possible advantages of EVs as a new class
of DDS, it may be recommendable to include liposomal formula-
tions as a control DDS in future studies. Liposomal systems could
be used as a reference in order to investigate EV cell targeting,
routes of cellular uptake and intracellular trafficking in recipient
cells.

5.2. Seeing the glass half full: accomplished landmarks of EVs for drug
delivery

As it can be inferred from our study (Table 2), a variety of
approaches and biologic materials have been used in order to suc-
cessfully use EVs as DDS in animal models. The constant increase in
the number of publications involving EVs as DDS during the past
decade is a promising augury for the future of the field. From the
publications we systematically reviewed, some important land-
marks have been achieved:

5.2.1. Active targeting

When it comes to active targeting, which is one of the main
aims of using EVs as DDS, considerable progress has been achieved
already with EVs. Intravenously injected tumor-derived EVs tend
to target parental tumor tissues. Compared to the gold standard
nanocarrier, Doxil®, drug-loaded EVs showed increased therapeu-
tic retention in tumor tissues and more pronounced tumor sup-
pression in nude mice [151]. Multiple strategies exist to
introduce active targeting in EVs, such as the generation of EVs
decorated with rabies virus protein enabling targeting of EVs to
the brain [180]. Similarly, EVs have been coated with nanobodies,
bispecific antibodies or peptides to improve tissue tropism, for
example to target regenerative exosomes to myocardial infarctions
using a cardiac homing peptide [298]. Furthermore, a recent pub-
lication demonstrated that small EVs exhibit targeted delivery of
siRNA to specific cell populations and tissues in mice [178].

5.2.2. Improved circulation time

As stated before, the short circulation time of EVs is a limiting
factor for their drug delivery capacities and therefore several stud-
ies focused on increasing the circulation time of EVs, a strategy
reminiscent of the liposome field. Addition of CD47 or PEG was
shown to reduce clearance by macrophages of the RES [299].
Whereas unmodified EVs were rapidly cleared within 10 min upon
systemic administration, EVs post-inserted with nanobody-PEG-
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Table 4
Defining the niches for EVs based on their attributes as DDS when compared to
liposomes.

Liposomes EVs

Starting materials - limited number
of chemically defined molecules

Reproducibility - high control over
manufacture, loading and
physicochemical characteristics

Scalability - industrial scale
production methods have been
developed

Crossing barriers - ability to cross
biological barriers such as the BBB
Trafficking - cell-specific interaction
and internalization routes through
rich biomolecular surface

Complex cargo - can carry a mix of
bioactive molecules (e.g. cell surface
receptors, RNA species & post-
translationally modified proteins)
simultaneously

Multifactorial modulation - can affect
diseases at multiple nodes of
intervention

Flexibility - opportunities for
extensive bioengineering

GMP - entire production process can
be GMP grade

Storage - long shelf live and
pharmaceutical stability

lipids could be detected in plasma for over 60 min post injection
and exhibited improved cell specificity [254]. However, this
circulation time is still very short in comparison with PEGylated
liposomes. Being optimistic, there is some evidence that the satis-
factory performance of EVs with respect to plasma stability might
upgrade their therapeutic potency [217].

5.2.3. Upgraded loading efficiency

Drug loading remains one of the biggest hurdles to develop EV-
based DDS. Interestingly, EVs seem to be suitable for loading and
delivery of RNA-based therapeutics. In a recent study, siRNA was
integrated into a pre-miRNA backbone in order to load it more effi-
ciently into EVs [178]. Notably, those EVs achieved similar gene
knockdown efficiency with over ten-fold less siRNA than the typi-
cally required dose for lipid nanoparticles [178]. Another recent
study from our own group, which used a CRISPR/Cas9-based RNA
transfer reporter system [300], suggests that there is a difference
of several orders of magnitude regarding more potent delivery of
sgRNA compared to liposomal systems [297]. An emerging strategy
to improve drug loading efficiency while maintaining the unique
features of EVs is to generate hybrid EV systems by incorporating
components such as liposomes into EVs [301] or EV mimetics
[302]. While developing methodologies for improving drug loading
efficiency into EVs, EV mimetics or hybrid EV systems, as discussed
in a recent article [55], heterogeneity of EVs in molecular composi-
tion, surface features, and subpopulation (in terms of cell origin,
size, surface charge, etc.) may also impact EV drug loading and
delivery.

5.2.4. EVs in intracellular trafficking: escaping the endosomal system

The delivery of RNA through nanoparticles is well known to be
mediated through the endolysosomal system at the subcellular
level. This might represent a bottleneck for efficient RNA delivery,
as only 1-2% of the cargo escapes into the cytosol [303]. In this
sense, there might be differences between intracellular routing of
EVs and other nanoparticles, in light of emerging evidence suggest-
ing that EVs are capable of escaping endosomal degradative path-
ways [178,255,297,304,305]. Elucidating the details of the EV cargo
delivery process might be key to upgrade the delivery of therapeu-
tic molecules through EVs when compared to other nanoparticu-
late systems [255,297].

5.2.5. Crossing the Blood-Brain barrier (BBB)

It has been shown that 98% of small molecule drugs, and ~100%
of biologic drugs cannot cross the blood-brain barrier (BBB) [302].
Therefore, it is understandable that to date there is not a single
nanoparticle formulation approved by the U.S. FDA that manages
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A Standardization of procedures for EV drug loading
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Fig. 15. Standardization of EV-based delivery systems towards clinical trials. (A) Standardization of procedures for EV drug loading. Cellular origin, isolation and purification,
drug loading methods and storage conditions need to be considered for the standardization. (B) EVs as DDS towards clinical trials. Essential aspects need to be considered for
developing EV-based DDS at all stages, including in vitro screening, preclinical testing and clinical trials. Liposomes may be considered as a reference DDS.

Table 5
FDA/EMA guidelines point to a number of liposome characteristics that should be reported that are deemed important for liposomal product performance.

Composition o Components of the liposome

o Quantities of the active substance and each lipid

o Molar ratio or percentage by weight of the lipid (including functional lipid) to the active substance
Characterization e Particle size distribution

Morphology and/or structure of the liposome

Surface charge (zeta potential)

Thermodynamic properties of the membrane

Osmolality

pH

Aggregation

Loading efficiency of the active substances

Impurities

Physical state of the encapsulated active substance
Conformational structure, modification efficiency, and binding
Capability

Release profile of the active substance from the liposome

For internal triggered release liposomes, release profile under conditions that reflect the
physiological environment

For external triggered release liposome, release profile with external stimulation
Process of formation of liposomes

Encapsulation process of the active substance in liposomes
Sizing process

Process for surface modification

Sterilization process

Stability

Endotoxin content

Biological assay for efficacy

In vitro release

Manufacturing process & process controls of
liposome drug products

successful drug delivery across the BBB. Of notice, important pro- preclinical models. To illustrate this, exosomes derived from
gress has been made regarding the discovery of EVs which are cap- human neuronal stem cells and a brain endothelial cell line were
able of crossing specific biological barriers, such as the BBB in able to cross the BBB and accumulate in injured sites [306] and
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Table 6
Hypothetical risk factor analysis of an EV product.
Unwanted Treatment failure Disease Tumor formation Toxicity
immunogenicity transmission
Cell starting material ~ Possible HLA Information on cell ~ Oncogenic transformation

Culture conditions

Cell population,
heterogeneity &
differentiation
potential

Genetic stability of
source cells

Isolation and
Purification (IaP)

Storage conditions

Biodistribution

Relevance of the
animal model

Patient-related

mismatching
Possible immune
reaction to animal
derived materials or
cells

Subpopulation
formation of cells
causes
immunogenicity
Genetic instability
may increase
immunogenicity
Increased
immunogenicity
through IaP
procedures

Distribution to
different organs/cells
may increase risk of
immunogenicity

Risk for unwanted
immunogenicity due
to patient history

origin not complete
Potential for
disease
transmission from
cell source, animal
derived materials

Composition compromises EV
activity - insufficient
production of bioactive
compounds

Subpopulation formation
produces EVs with unfit
properties

Genetic instability may result
in potential loss of secreted
bioactive substances
Potential impact of laP
procedures on biological
activity

EVs lose their intrinsic activity
and vesicle stability (e.g. drug
leaking)

Potential loss of activity due to
limited arrival at target site of
EVs

Available animal model is not
reflecting human disease

Risk for treatment failure due
to patient history (age,
suboptimal microenvironment

because of cell source

Culture with growth factors or
hormones may induce tumor
formation

Subpopulation formation of cells
produces EVs with higher
potential of oncogenic
transformation

Potential impact of IaP
procedures on toxicity

Preservatives or
cryoprotective
reagents may confer
cytotoxicity
Delivery of bioactive
substances in
unintended
microenvironments
may cause toxicity

Tumor formation in different
organs

Age, dosing, immuno-
competence and duration of
animal study not appropriate for
detection of tumor formation;
tumorigenicity

Risk for unwanted tissue
formation due to
microenvironment

and insufficient dose finding
data)

Risk for suboptimal EV
performance due to target
tissue microenvironment

Disease-related

Unwanted immune
reaction & allergy to
concomitant
substances at site of
application

Medical procedure-
related

Risk for infection
due to application
procedure

Hypertrophic growth due to
application procedure

brain cancer [66], respectively. Furthermore, EVs administered
intranasally were shown effective for the delivery of curcumin to
the brain, suggesting an alternative route for the treatment of brain
inflammatory diseases [193].

5.2.6. Emerging EV platforms

Recent theranostic platforms that allow imaging of therapeutic
EVs harbor great potential to get a more precise understanding of
their ways of action. Magnetic EVs, through loading of iron oxide
nanoparticles, represent a sensitive and specific way of isolating
EVs, enhancing tumor targeting under a magnetic field, and track-
ing systemically administered therapeutic EVs through magnetic
particle imaging [109,138,307]. Another emerging strategy is the
direct transfer of mitochondria [308-310] through EVs, which
was recently reported to improve post-infarct cardiac function
in vivo by restoring intracellular bioenergetics and mitochondrial
biogenesis in the recipient cardiomyocytes [310]. It is yet to be pro-
ven whether EVs are capable of efficiently transferring other orga-
nelles of therapeutic relevance. Additionally, improving other drug
delivery nanoparticles by encapsulating or hybridizing them with
EVs may also be attractive to those nanoparticles of therapeutic
potential but with a fast metabolism, limited bioavailability and
rapid clearance after systemic administration [196].
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5.3. Defining the niches of EVs in comparison to liposomes

These important landmarks point to certain appealing charac-
teristics of EVs as advanced delivery systems. It may be argued that
their structural and functional complexity together with their
innate therapeutic activity make EVs especially suited for multifac-
torial diseases/conditions (Table 4). Still, from a realistic perspec-
tive, EVs have a long way to go to improve many aspects such as
drug loading, retention of drug, pharmaceutical stability during
storage, PK, biodistribution and cGMP of clinical batches.

5.4. Reaching the clinic: guidance on how to evaluate EVs as drug
delivery systems

The lack of standardization of reproducible procedures for EVs
as DDS in the field is putting serious brakes on the clinical develop-
ment of EVs (Fig. 15a,b). As a result, regulatory agencies like the
FDA and EMA are considering risks and release-criteria for EV
products [288], influenced to a certain extent by the guidance on
liposomal products. Liposomes are generally composed of a hand-
ful of chemically defined molecules and produced under specified
conditions, and there is a high level of control over the character-
istics of the formulation. The FDA/JEMA guidance on liposomal
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Fig. 16. Accomplished milestones in the EV field. EVs were discovered in 1967 as “platelet-dust” [311]. The terms “extracellular vesicle” [312] and “exosome” [313] were
coined in 1971 and 1981, respectively. In 1983, the first biological function of EVs was reported: transferrin carriers [314,315]. In 1998, the fist preclinical study of dendritic
cell-derived EVs as a cancer vaccine in mice was published [316]. In 2004, urinary EVs were explored for biomarker discovery [317]. In 2005, two Phase I clinical trials were
initiated to test EVs as therapeutics for patients with melanoma and advanced non-small cell lung cancer [272,273]. In 2010, the first preclinical study of EVs as DDS for small
molecule drugs was reported [196]. In 2011, the first study was published on EVs as DDS for exogenous siRNA in a mouse model of Alzheimer’s disease [180]. In 2013, the first
clinical trial was launched to test EVs as DDS for small molecule (chemotherapeutic) drugs (NCT01854866). In the same year, the Nobel Prize in Physiology or Medicine was
awarded for the discoveries of machinery regulating intracellular vesicle traffic. The guidelines for EV research, Minimal Experimental Requirements for definition of EVs

(MISEVs), were proposed in 2014 and revised in 2018 [8,53].

products, for example, provides clear specifications of the data that
should be reported in the dossier on liposomal products (Table 5).

It is clear that the same level of specifications cannot be met by
EVs as they are complex vesicles that come from living cells. As a
result, the guidance for Advanced Therapy Medicinal Products
(ATMP) seems to be a better fit, although the requirements in this
guidance are less well defined due to the large variety of products
and applications in this group of therapeutics. The ATMP guideli-
nes are based on a risk stratification approach that consists of 4
steps:

1. To identify risks associated with the clinical use of the ATMP
2. To identify product specific risk factors contributing to each
identified risk
3. To map the relevant data for each identified risk factor against
each of the identified risk
. To conclude on the risk factor - risk relationships

These analyses are used to fill a risk-risk factor table in which
these are described. Table 6 provides a hypothetical analysis for
an EV product.

6. Conclusions and future perspectives

EVs have been studied for over half a century and the field has
been evolving quickly over the recent years, from the discovery to
the applications in diagnostics, from preclinical studies to clinical
trials on EVs as therapeutics and DDS, and to the recent standard-
ization (i.e. guidelines) for EV research (Fig. 16).

The convergence of standardized procedures and regulations,
together with the advent of new discoveries in more adequate
EV donor cell types and drug loading procedures that do not com-
promise essential structural features of EVs, could possibly lead the
field to future successes in the clinic. Furthermore, it is important
to compare EVs with other delivery systems such as liposomes, and
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possibly to cellular systems such as therapeutic stem cells, to
determine the ‘fit-for-purpose’. In cancer treatment, for example,
the primary objective is to deliver a maximal dose of chemothera-
peutics to the tumor, which seems to be a closer fit with DDS like
liposomes. On the other hand, EVs hold promise as DDS for their
“homing” property, beyond the EPR effect, to specific tumors, their
potential to cross certain biological barriers such as the BBB, their
unique capacity to encapsulate certain biomolecules such as mem-
brane receptors that are difficult to load into other DDS, and their
plasticity for bioengineering. In fields like regenerative medicine
that involve multifactorial biological processes, a complex natural
delivery system like EVs can offer a competitive advantage. From
this systematic review we conclude that there is an increasing
use of EVs for drug delivery in cancer treatment, along with an
extensive application of nucleic acids and small molecule drugs
as APIs. We also notice an increasing tendency in the use of intra-
venous administration of EVs, accompanied with coating EVs with
agents that result in increased target capacity (e.g. tumor antigens)
and/or circulation time (e.g. PEG, CD47). We envision that the
niches of EVs as DDS in the near future may be dominated by incor-
poration of membrane proteins and perhaps delivery of RNAs
when the loading hurdles are solved, as well as delivery of pro-
teins/peptides, for regenerative medicine and development of vac-
cines. There is a vast array of fields that may benefit from the use of
EVs as DDS, but identification of the proper niches will come along
with the maturation of the EV drug delivery field and a deeper
comprehension of the intracellular mechanisms underlying EV
uptake by and endosomal escape of the loaded compounds in tar-
get cells.
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