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ABSTRACT

Extracellular vesicles (EV) have emerged as promising nanocarriers for drug delivery. However, the efficient loading of therapeutic

molecules into EV and the subsequent purification of drug-loaded EV from unloaded drugs remain significant challenges.
This review explores the most used methods for EV purification, meaning the separation of drug-loaded EV from unloaded
drugs, including ultracentrifugation, density gradient centrifugation, ultrafiltration, size exclusion chromatography, dialysis and
commercial exosome isolation kits. The principles, advantages and limitations of each method are discussed. Critical parameters
such as molecular weight cutoff, membrane composition, and the nature of the loaded molecule are highlighted for their impact
on the purification process. The review also addresses the technical aspects, including time, cost and equipment requirements,
and emphasizes the need for standardized guidelines to improve reproducibility and comparability across studies. By providing a
comprehensive overview of current purification strategies, this review aims to guide researchers in selecting the most appropriate

methods for advancing EV-based drug delivery systems.

1 | Introduction

Extracellular vesicles (EV) are phospholipid-bilayer vesicles
secreted by all cell types, with sizes ranging from 30 to 200 nm.
EV contain inherent cargo, including proteins, lipids, nucleic
acids and metabolites. They play a key role in intercellular
communication (Gurung et al. 2021). Scientific interest in EV
as nanocarriers has increased due to their low immunogenicity
and biocompatibility, potential for cell-specific targeting, intrinsic
cargo and ability to cross biological barriers, distinguishing them
from other nanoparticles (Chen et al. 2021; Fu et al. 2020). As
previously reviewed, the use of EV as nanocarriers holds great
promise in enhancing the efficacy of delivering free molecules
(Joshi et al. 2021).

Various molecules, including small chemotherapeutic drugs,
proteins, peptides and RNAs, have been loaded into EV, either

anchored in the EV membrane or encapsulated within the
EV lumen (Du et al. 2023). However, a significant challenge
in using EV as nanocarriers is loading relevant amounts of
exogenous molecules into them. The intrinsic content of the
EV lumen limits the available space for additional exoge-
nous molecules (Meng et al. 2020; Kimiz-Gebologlu and Oncel
2022), and the EV membrane presents a barrier that hin-
ders drug loading. To address these challenges, two strate-
gies are currently employed for incorporating cargo into EV,
namely, endogenous and exogenous loading (Sutaria et al.
2017).

Endogenous loading consists of loading the cargo into EV during
their biogenesis, followed by isolating drug-loaded EV from
the parent cell culture media. Exogenous loading, on the other
hand, requires isolating EV from parent cell culture media—or
other sources—and subsequently loading the drug via passive
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or active methods. Active loading methods, such as sonication,
electroporation or permeabilization, aim to improve drug loading
efficiency by temporarily disrupting the EV membrane (Meng
et al. 2020). However, loading efficiency is never 100%, and
there is often a strong imbalance between the amount of drug
successfully loaded into EV and the amount of unloaded drug
remaining in the supernatant. Consequently, the removal of
unloaded drugs is a crucial step for accurately determining encap-
sulation efficiency (EE), but also for evaluating the therapeutic
potential of drugs associated with EV compared to the free drug
(Kimiz-Gebologlu and Oncel 2022).

Hence, while focus is often placed on optimizing isolation and
loading methods, the removal of the unloaded drug is a pivotal
step in advancing EV as nanomedicines. Finding a suitable
purification method for EV that is fast, non-destructive, efficient
and reliable is challenging. This review aims to emphasize
the importance of the purification process when using EV as
drug delivery systems. We present the purification methods
that are most commonly used in the literature and explore
their advantages and limitations. Moreover, we provide guidance
on selecting the most appropriate purification method(s) when
loading therapeutic molecules in EV. Studying and optimizing the
purification process in the context of EV loading is important for
advancing both the understanding and application of EV-based
nanocarriers.

2 | The Critical Importance of Purifying
Drug-Loaded EV for Drug Delivery Applications

To date, reviews have addressed the challenges of EV-based
nanomedicines for clinical applications and translational
medicine, such as low loading efficiency, low yield, limitations of
large-scale EV production, insufficient targeted delivery, or poor
reproducibility (Brezgin et al. 2024; Koh et al. 2023; Kim et al.
2024; Han et al. 2023; Sadeghi et al. 2023). However, the removal
of free (unloaded) drugs is not, or only very slightly, discussed in
these reviews.

We believe this is an issue, as the adequate evaluation of the
effect of a nanomedicine (intended here as the nanoparticle and
its loaded content) requires the ability to remove the unloaded
drug from the preparation. Failure to remove the remaining
unloaded drug from the nanomedicine preparation can lead to
biased interpretation of the data obtained during the evaluation
of the biological properties of the nanomedicine. Unfortu-
nately, in the context of EV-based nanomedicines, this point is
overlooked.

Stability and solubility issues can hinder the use of certain
drugs with promising therapeutic effects. Drug-loaded EV often
improve bioavailability compared to free drugs by protecting
them from degradation and improving solubility (Yuan et al.
2024). If the unloaded drug is present in drug-loaded EV suspen-
sions, it may be degraded or cleared from the body more rapidly,
reducing the overall therapeutic effect. Moreover, clinical trials
require well-characterized and reproducible formulations with
a clear understanding of pharmacokinetics and biodistribution,
which differ between free drugs and loaded drugs.

Dose-dependent toxicities and off-target effects limit the clinical
applications of some bioactive molecules. Due to the intrinsic
homing properties of EV, EV-based nanomedicines enable the
administration of lower concentrations of drugs to achieve ther-
apeutic effects. When the free drug is present, it can diffuse
non-specifically throughout the body, reducing the efficiency of
targeted delivery and potentially causing toxicities. For instance,
engineered EV loaded with miRNA have been shown to reduce
the general genotoxicity associated with free miRNA (Zhang et al.
2024).

The penetration of some drugs through the blood-brain barrier to
achieve therapeutic effects in the central nervous system requires
high-dose administration, inducing adverse effects. The ability
of EV to cross the blood-brain barrier facilitates drug delivery
in the central nervous system. For instance, methotrexate-loaded
EV have been shown to enhance crossing through the BBB,
substantially increasing the methotrexate concentration within
the cerebrospinal fluid while reducing side effects in non-targeted
tissues (Zhao et al. 2025).

In addition to the biological effect of nanomedicines, their char-
acterization and quality control are key parameters that should
systematically include the assessment of the EE. EE reflects
the percentage of drug molecules successfully incorporated into
the nanoparticles and is typically assessed by measuring the
drug concentration in the drug-loaded EV suspension or by
quantifying the amount of unloaded drug remaining in the
supernatant after purification.

The separation of unloaded drugs from drug-loaded EV is
essential for accurately calculating EE. Quantifying the drug
in a mixture containing both free drugs and drug-loaded EV
can lead to overestimated EE values, potentially resulting in
misleading conclusions regarding the loading capacity of EV and
their efficacy as drug delivery systems. We hypothesize that some
of the therapeutic effects reported in the literature may have
been overestimated due to incomplete removal of the unloaded
drug from EV preparations. Taken together, these elements will
favour process reproducibility, consistency in the administered
dose and adequate data interpretation in the context of EV-based
nanomedicines.

3 | Methods Available for the Separation of
Drug-Loaded EV From Unloaded Drugs

Currently, the removal of the unloaded drug from EV suspension
is performed by using methods similar to those used for EV
isolation, such as ultracentrifugation, density gradient centrifu-
gation, ultrafiltration, and size exclusion chromatography (SEC)
(Kimiz-Gebologlu and Oncel 2022) (Figure 1). However, there
is a lack of standardization and guidelines for selecting the
most appropriate method to remove the remaining unloaded
drug. The choice should be based on a fair assessment of the
pros and cons of each method for a given molecule or family
of molecules. In this section, we explain the principle of each
method and how it can be used for drug-loaded EV purification.
We also discuss the respective advantages and drawbacks of each
method.
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FIGURE 1 | Schematicrepresentation of the different strategies that can be used for the separation between drug-loaded EV and the unloaded drug.

Created with Biorender.

3.1 | Ultracentrifugation

Ultracentrifugation is a separation technique that uses centrifugal
force to separate particles based on their density, size and medium
viscosity. Ultracentrifugation involves significantly higher forces
compared to standard centrifugation (>100,000 x g), which is
necessary to precipitate nanoparticles such as EV (Lin and Qi
2019).

This technique assumes that the density and size of the unloaded
drug differ from those of EV. Typically, when EV are denser
than the drug, which is mostly the case, a single round of
ultracentrifugation at high speed is enough to separate EV and the
free molecule. This process concentrates EV in the pellet while
the unloaded drug remains in the supernatant. The resulting EV
pellet is usually resuspended in a phosphate-buffered solution.
Inversely, when the drug is denser than EV, a first step of
centrifugation is used to concentrate the unloaded drug in the
bottom of the tube while EV are recovered during a second step
by using ultracentrifugation (see examples in Table 1, section “low
speed centrifugation combined with ultracentrifugation”).

For EV collection, rotational speeds and centrifugation times vary
between studies, ranging from 100,000 to 170,000 X g and 60 to
120 min, respectively.

Ultracentrifugation has been used for separating EV from various
types of unloaded drugs, including siRNA, miRNA, proteins or

small therapeutic molecules such as doxorubicin or paclitaxel
(Table 1).

Based on our research, ultracentrifugation is the most commonly
used method so far for EV purification from unloaded drugs.
This technique is suitable for large volumes and offers consistent
reproducibility (Konoshenko et al. 2018). It enables the resuspen-
sion of the EV pellet in a solvent distinct from the one used during
the loading process. However, it requires expensive specialized
equipment. Besides, the technique has two major drawbacks.
The high speeds involved can potentially generate aggregates and
damage the EV membrane, leading to drug leakage (Lin and
Qi 2019; Konoshenko et al. 2018; Villata et al. 2020; Janouskova
et al. 2022). Additionally, particles with densities similar to EV
(i.e., protein aggregates, micelles, or drug aggregates) might
settle along with EV in the pellet, causing contamination of the
formulation with drugs non-associated with EV (Lang et al. 2022;
Hendrix et al. 2023).

3.2 | Density Gradient Centrifugation

Density gradient centrifugation is another method for isolating
drug-loaded EV. The EV suspension is placed in a tube containing
a graded-density centrifugation medium, such as sucrose or
iodixanol. Through the application of centrifugal force, drug-
loaded EV migrate through the medium, separating from the
unloaded drug based on their different densities (Janouskova
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TABLE 1 | Strategies used for the purification of drug-loaded EV from unloaded drugs.

Purification Loaded Experimental
method Source of EV molecule conditions Article
Size-exclusion HEK-293T cells SiRNA NR (Faruqu et al. 2018)
chromatography/gel- HFL-1 cells Erastin NR (Yu et al. 2019)
filtration b . i
chromatography ESCs cRGDyK NR (Zhu et al. 2019)
M2-type primary Berberine Exosome spin (Gao et al. 2021)
peritoneal columns
macrophages
U-87 cells Paclitaxel Exo-spin column (Salarpour et al.
2019)
Raw milk Doxorubicin Sephadex G-25 (Chen et al. 2021)
Denderitic cells Paclitaxel Sephadex G-25 (Wan et al. 2018)
Raw 264.7 cells Doxorubicin and Sephadex G-25 (Kim et al. 2016)
paclitaxel (NAP-10)
Raw 264.7 cells Doxorubicin and Sephadex G-25 (Haney et al. 2020)
paclitaxel (NAP-10)
HS-5 cells Pentoxifylline, Sephadex G-25 (PD (Hettich et al. 2022)
pyranine MidiTrap columns)
Lemon juice Doxorubicin Sephadex G-25 (PD (Stec et al. 2025)
MidiTrap columns)
Goat milk Curcumin Sephadex G-25 (Albaladejo-Garcia
(PD-10) et al. 2024)
Cow skimmed Curcumin Sephadex G-25 (Carobolante et al.
milk (PD-10) 2020)
BM-MSCs, Porphyrins of Sephadex G-75 (Fuhrmann et al.
HUVECsS, hESCs, different 2015)
MDA-MB231 cells hydrophobicities
Fruits and miRNAs Sepharose CL-2B (Lopez de Las Hazas
broccoli et al. 2023)
PANC-1 cells PAK4 specific Sepharose CL-2B (Xu et al. 2021)
oligonucleotide
(siPAK4)
IC-21 cells Tripeptidyl Sepharose CL-4B (Haney et al. 2019)
peptidase-1
Raw 264.7 cells Catalase Sepharose CL-6B (Haney et al. 2015)
HEK-293T cells Doxorubicin Spin desalting (Schindler et al.
columns 2019)
Density EL-4 cells Curcumin Sucrose gradient (Sun et al. 2010)
gradient (step gradient: 8%,
centrifugation 30%, 45%, and 60%)
36,000 rpm (rotor
NR) for 90 min
GL-26 cells Curcumin and Sucrose gradient (Zhuang et al. 2011)
activator of (step gradient: 8%,
transcription 3 30%, 45%, and 60%)
inhibitor (JSI124) 36,000 rpm (rotor
NR) for 90 min
(Continues)
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TABLE 1 | (Continued)

Purification Loaded Experimental
method Source of EV molecule conditions Article
BM-MSCs Curcumin Sucrose (Tian et al. 2018)
gradient (step
gradient: 8%, 30%,
45%, or 60%)
164,000 x g for
90 min
Human red blood Anti-miR-125b Sucrose linear (Usman et al. 2018)
cells and Cas9 mRNA gradient (linear
gradient: 60%-10%)
150,000 x g for 16 h
Low-speed 4TI cells Sinoporphyrin 6500 X g for 25 min (Liu et al. 2019)
centrifugation sodium
Bovine milk Paclitaxel 10,000 X g for 10 min (Agrawal et al. 2017)
Raw 264.7 cells Linezolid 10,000 x g for 10 min (Yang et al. 2018)
Breast cancer cells S100A4 siRNA 20,000 x g for 30 min (Zhao et al. 2020)
Red blood cells RNA 21,000 x g for 30 min (Peng et al. 2022)
Ultracentrifugation = Human plasma Methotrexate 10,000 rpm for (Gul et al. 2024)
15 min, three times
Human PNM and Piceatannol 100,000 X g (time (Gao et al. 2017)
HL60 cells NR)
U-87 cells Hydrophobically 100,000 x g for (Didiot et al. 2016)
modified small 60 min
interfering RNAs
(hsiRNAs)
U-87 MG, Doxorubicin and 100,000 x g for (Yang et al. 2015)
bEND.3, PFSK-1, paclitaxel 60 min
and A-172 cells
HEK-293T cells miRNA-21 100,000 x g for (Kim et al. 2020)
60 min
MSCs Paclitaxel 100,000 x g for (Kalimuthu et al.
60 min 2018)
Bovine milk SsiRNA 100,000 x g for (Matsuda et al. 2020)
70 min
HEK-293T cells miR-21i and 5-FU 100,000 x g for (Liang et al. 2020)
70 min
THP-1 cells Doxorubicin and 100,000 x g for (Gong et al. 2019)
cholesterol- 70 min
modified miRNA
159
M-MSCs Rapamycin 100,000 x g for (Song et al. 2025)
70 min
HEK-293T cells Aptamer F5R2 100,000 x g for (Ren et al. 2019)
90 min
BM-MSCs miR-124 100,000 x g for (Yang et al. 2017)
90 min
Plasma miRNA 100,000 x g for (Pomatto et al. 2019)
(miR-31-5p, and 120 min
miR-451a)
PANC-1 cells Gemcitabine 110,000 X g 70 min (Li et al. 2020)
(Continues)
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TABLE 1 | (Continued)

Purification Loaded Experimental
method Source of EV molecule conditions Article
Dendritic cells siRNA 120,000 X g for (Alvarez-Erviti et al.
60 min 2011)
Dendritic cells Anti-alpha- 120,000 x g for (Izco et al. 2019)
synuclein- 60 min
shRNA-minicircle
Human plasma Imperialine 120,000 X g for (Lin et al. 2019)
60 min
MSCs miR-588 120,000 x g for (Zhang et al. 2024)
70 min
Dendritic cells miRNA-140 120,000 x g for (Liang et al. 2020)
mimic 70 min
Murine Cholesterol- 120,000 x g for (O’Loughlin et al.
neuroblast cell conjugated small 70 min 2017)
lines or dendritic interfering RNA
cells
HEK-293T cells Doxorubicin 120,000 X g for (Martins-Marques
70 min et al. 2016)
Raw 264.7 cells SPIONSs and 120,000 x g for (Jia et al. 2018)
curcumin 90 min
Primary siRNA 120,000 x g for (Banizs et al. 2014)
endothelial cells 90 min
MDA-MB-231 and Doxorubicin 120,000 x g for (Tian et al. 2014)
MCF-7 cells 90 min
HEK-293T cells Curcumin 120,000 x g for (Zou et al. 2019)
90 min
Dendritic cells TGFBL1 et IL10 120,000 X g for (Elashiry et al. 2020)
90 min
MSCs Doxorubicin 120,000 x g for (Bagheri et al. 2020)
90 min
3T3 and A549 cells SiRNA 125,000 x g for (Jhan et al. 2020)
70 min
Monocytes Bortezomib 130,000 x g for (Yuan et al. 2024)
120 min
Bovine milk Curcumin 135,000 x g for (Aqil et al. 2017)
90 min
Bovine milk bcl-2 siRNAs 135,000 X g for (Tao et al. 2020)
90 min
MSCs miR-210 140,000 x g for (Zhang et al. 2019)
90 min
LNCaP- and PC-3 Paclitaxel 170,000 x g for (Saari et al. 2015)
cells 120 min
LL/2 cells Paclitaxel 170,000 x g for (Garofalo et al. 2019)
120 min
MDA-MB-231 and Doxorubicin NR (Toffoli et al. 2015)
HCT-116 cells
Blood Dopamine NR (Qu et al. 2018)
ESCs Paclitaxel NR (Zhu et al. 2019)
(Continues)
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TABLE 1 | (Continued)

Purification Loaded Experimental
method Source of EV molecule conditions Article
Raw milk miR-31-5p mimic NR (Yan et al. 2022)
Precipitation NR Curcumin ExoQuick (Li et al. 2020)
Bovine milk SiRNA ExoQuick (Aqil et al. 2019)
MDA-MB-231 Olaparib ExoQuick (Jung et al. 2018)
cells
Degradation HEK-293T cells SiRNA RNase H (10 units, (Limoni et al. 2019)
by nucleases 30 min at 37°C)
followed by
ultracentrifugation
hUCBMNCs, miRNA-124-Cy5 RNAse (2 yg/mL, (de Abreu et al. 2021)
human urine and and 30 min at RT)
FBS miR-155-5p-Cy3 followed by
ExoQuick kit
MSCs LNA-antimiR-142- RNase H (1 unit) (Naseri et al. 2020)
3p followed by
ExoQuick kit
Raw 264.7 cells miRNA-155 RNase H (1 unit) (Momen-Heravi
and murine B followed by et al. 2014)
cells ExoQuick kit
Blood plasma miRNA-21 RNase followed by (Sun et al. 2020)
ultracentrifugation
HEK-293T and CRISPR/Cas-9- DNase I, followed by (Kim et al. 2017)
SKOV3 cells NLS PARP-1 addition of EDTA
sgRNA (20 mM) and
centrifugation
MSCs siCltc RNase A (Chen et al. 2024)
HEK-293T cells dsDNA DNase I (1.5 Kunitz (Lamichhane et al.
units/uL), followed 2015)
by addition of EDTA
(20 mM) and
centrifugation
HEK-293T and ssDNA DNase I (1.5 Kunitz (Lamichhane et al.
MCF-7 cells units/uL), followed 2016)
by addition of EDTA
(20 mM) and
centrifugation
Ultrafiltration U937 cells Doxorubicin 10k Da (2000 x g for (Goh et al. 2017)
10 min)
SKOV3 cells Triptolide 10 kDa (12,000 x g (Liu et al. 2019)
for 30 min)
Platelet Epigallocatechin- 10 kDa (16,000 X g (Pan et al. 2025)
3-gallate for 30 min)
EL4 cells Doxorubicin 30 kDa (3000 x g for (Ingato et al. 2018)
15 min)
Microglia Berberine and 50 kDa (speed and (Zhao et al. 2023)
palmatine time NR)
U-87 cells Temozolomide 100 kDa (4000 x g (Liu and Zhang
for 30 min) 2024)
(Continues)
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TABLE 1 | (Continued)

Purification Loaded Experimental
method Source of EV molecule conditions Article
MSCs LIM- 100 kDa (Hosseini Shamili
3064_aptamer (9000 x g for 10 min) et al. 2019)
Human Methotrexate 100 kDa (2500 r/min (Zhao et al. 2025)
adipose-derived for five times)
mesenchymal
stem cells
human 293 cells, Aptamers 100 kDa (speed and (Han et al. 2024)
MCSs, mouse and time NR)
rat serum
HeLa and HT1080 Doxil 100 kDa (speed and (Qiao et al. 2020)
cells time NR)
Plasma Peptides 100 kDa (speed and (Ran et al. 2023)
(ILP-CPO5, time NR)
ISP-CPO5 and
RVG-CP05)
Bovine milk 5-Fluorouracil, 100 kDa (speed and (Li et al. 2023)
Colchicine, time NR)
Octreotide,
Liraglutide
Bovine milk Doxorubicin 100 kDa (speed and (Jang et al. 2023)
time NR)
HeLa and HT1080 SiRNA 100 kDa (speed and (Shtam et al. 2013)
cells time NR)
MSCs Doxorubicin 100 kDa (speed and (Gomari et al. 2018)
time NR)
Dendritic cells SiRNA/miRNA 100 kDa (speed and (Wang et al. 2017)
time NR)
Human Baricitinib 100 kDa (speed and (Tang et al. 2025)
placentas-derived time NR)
MSCs
HEK-293T and RNA 300 kDa (5000 x g (Lamichhane et al.
MCF-7 cells for 5 min) 2016)
HEI-OCI cells Aspirin, 100 kDa (speed and (Kalinec et al. 2019)
arachidonic, time NR)
eicosapentaenoic,
docosahexaenoic,
lipoxin A4 and
resolvinD1
ADSCs FPG3 or PG3 300 kDa (speed and (Ma et al. 2023)
time NR)
HEK-293T cells miR-93-5p 300 kDa (speed and (Jeyaram et al. 2020)
time NR)
MSCs Valproic acid Cutoff filter NR (Mu et al. 2024)
(5000 x g for 10 min)
Human miR-21 mimic and NR (Kang et al. 2019)
peripheral blood miR-21 inhibitor
Dialysis Blood Chimeric peptide NR (Cheng et al. 2019)
(Continues)
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TABLE 1 | (Continued)

Purification Loaded Experimental
method Source of EV molecule conditions Article
External Macrophages Doxorubicin EV conjugated with (Zhang et al. 2017)
magnetic (EV-SA-SPIONS) streptavidin-
field modified iron oxide
nanoparticles
collected by
magnetic field (free
doxorubicin remain
in the supernatant)
Ultrafiltration Dendritic cells TGFBI et IL-10 100 kDa filter tube (Elashiry et al. 2020)
combined and
with ultra- ultracentrifugation
centrifugation at 120,000 x g for
90 min
TPH-1 cells Gemcitabine and 100 kDa filter tube (Zhao et al. 2021)
Deferasirox and
ultracentrifugation
at 100,000 x g for
60 min
Low-speed Raw 264.7 cells Paclitaxel 1000 rpm (rotor NR) (Wang et al. 2019)
centrifuga- for 10 min, and
tion 120,000 x g
combined HT29 cells and Aspirin 10,000 X g for 60 min (Tran et al. 2019)
with ultra- MDA-MB-231 and 100,000 x g for
centrifugation cells 120 min
Bovine milk Withaferin A, 10,000 X g for (Munagala et al.
bilberry-derived 10 min, and 2016)
anthocyanidins, 135,000 X g for 120
curcumin, min
paclitaxel, and
docetaxel
Bovine milk Celastrol 10,000 X g for (Aqil et al. 2016)
10 min, and
135,000 x g for
120 min
Bovine milk Berry 10,000 x g for 10 min (Munagala et al.
anthocyanidins and 135,000 x g for 2017)
90 min
Low speed Bovine milk Carbamazepine, Centrifugation at (Li et al. 2023)
centrifuga- celecoxib, 10.000 x g for 10 min
tion glimepiride, then ultrafiltration
combined paclitaxel with 100 kDa filter
with tube
ultrafiltration

Notes: The purification method, the source of EV as well as the molecule loaded into EV are mentioned. The experimental conditions specific to each study, if
known, are indicated.
Abbreviation: NR, not reported.

et al. 2022). EV density varies according to EV content, but is
generally considered between 1.1 and 1.19 g/mL (Konoshenko
et al. 2018; Brennan et al. 2020).

Only a limited number of articles have reported the use of density
gradient centrifugation after drug encapsulation in EV. Often,
sucrose is used to form the gradient, with concentrations ranging
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from 8% to 60% combined with different centrifugal force and
centrifugation times. Both stepwise and linear gradients were
used for EV purification (Table 1).

Like ultracentrifugation, this method is costly, laborious, and
time-consuming. Moreover, this method is characterized by low
yield, and further washing is necessary to remove the density
gradient medium from EV suspension (Gandham et al. 2020).
As with ultracentrifugation, particles with densities similar to
EV can be recovered in the same fraction as EV, resulting in
contamination of the EV sample. However, this method stands
out for preserving vesicular integrity as it does not require strong
centrifugal forces (Wang et al. 2021).

3.3 | Ultrafiltration

This technique uses centrifugation to force the passage of suspen-
sion through a porous membrane with a determined cutoff. With
this approach, water and molecules smaller than the pores go
through the membrane while EV are retained in the concentrate
(Sidhom et al. 2020).

Two parameters are critical for an efficient separation by using
ultrafiltration. Firstly, the molecular weight cutoff(MWCO) must
be correctly chosen to allow the passage of the unloaded drug
through the membrane while retaining EV. According to our
research, membranes used for EV purification have a wide range
of MWCO ranging from 10 to 300 kDa (Table 1). Usually, MWCO
of 100 or 300 kDa was used for removing larger molecules
including free siRNA or free miRNA (Lamichhane et al. 2016;
Wang et al. 2017). Secondly, the composition of the membrane
impacts the purification process. EV can bind to membrane
fibres, and the degree of binding depends on the nature of the
fibres. This binding can reduce the amount of EV collected
in the final concentrate. Membranes composed of regenerated
cellulose are considered the least retentive compared to hydrosart,
polyethersulfone, or cellulose triacetate (Vergauwen et al.
2017).

As compared to ultracentrifugation, ultrafiltration is faster and
uses lower centrifugal forces (from 2000 to 12,000 x g), which
can reduce damage to the EV membrane and, therefore, the
risk of drug leakage (Kimiz-Gebologlu and Oncel 2022). This
method is relatively simple to implement with a classical cell lab
centrifuge (Martins et al. 2023). Nevertheless, ultrafiltration also
presents drawbacks. One of the most cited is particle clogging.
Suspended particles, such as EV, accumulate on the surface of
the ultrafiltration membrane as well as within its pores, which
prevents the flow of solvent and, consequently, the passage of
unloaded molecules through the membrane (Chen et al. 2018). As
far as we know, sterile ultrafiltration units are not commercially
available, which increases the risk of contaminating the EV
suspension during purification. This presents a challenge when
evaluating the biological properties of drug-loaded EV. Finally,
even though the volume of the concentrate is reduced after
centrifugation, the concentration of the unloaded drug remains
the same in both the concentrate and the filtrate. Therefore,
multiple washings are required to dilute the free drug as much
as possible.

34 | SEC

SEC is a column filled with a beads-formed gel that separates
particles according to their size. During the elution process, small
molecules including the unloaded drug are slowed by entering
the pores of the gel, while larger ones, like EV, cannot enter and
are eluted earlier from the column. This technique enables the
separation of EV, in the first fractions, from the unloaded drug, in
the subsequent fractions (Sidhom et al. 2020).

The selection of an appropriate molecular weight cutoff (MWCO),
which characterizes the pore size of a column, is critical for
an efficient separation. It should be smaller than the molecular
weight of EV and larger than the one of the unloaded drug.

The two most commonly bead-formed gels are Sephadex
and Sepharose, respectively, made of cross-linked dextran and
agarose. Gel filtration chromatography is used for the elimination
of various cargos, including oligonucleotides, enzymes, peptides
or small therapeutic molecules such as doxorubicin or paclitaxel
(Table 1).

Unlike ultracentrifugation or ultrafiltration, SEC uses the passive
gravity flow for this application, thus minimizing shear stress
effects. This preserves the structure and the integrity of EV, thus
reducing the risk of drug leakage (Batrakova and Kim 2015).
This technique offers good reproducibility, which is a crucial
parameter for drug delivery applications, as it ensures a consistent
amount of drug associated with EV from batch to batch. This
method is fast and no other equipment is required except the
column and eluent, making it relatively affordable (Boing et al.
2014).

Regarding the drawbacks of the approach, Ruysschaert et al. have
shown that liposomes, whose structure is close to that of EV,
are retained in SEC gel (Ruysschaert et al. 2005). They hypoth-
esize that liposomes are flexible and may be deformed, leading
to their passage through the beads and thus their retention.
Moreover, separation by SEC results in a diluted EV suspension
(Lin and Qi 2019) and co-isolation of similarly sized aggregates
(Kimiz-Gebologlu and Oncel 2022). If the unloaded drugs form
aggregates with a similar size as EV, they will be slowed in the
column and purified in EV fraction. Finally, the EV recovery after
elution through SEC is very low (approximately 20% in our hands
with an Izon qEV column). Like for ultrafiltration devices, SEC
are specifically designed for EV isolation and are not sterile, and
cannot be autoclaved.

3.5 | Dialysis

This method consists of eliminating the free drug through a
semi-permeable membrane. Typically, the sample containing
drug-loaded EV and the free drug is loaded in a dialysis cassette
equipped with a semi-permeable membrane of a specific cutoff
immersed in a dialysis medium (usually PBS or another buffer)
under mild agitation. The unloaded drug diffuses across the
membrane under the force of the concentration gradient, while
larger molecules (like EV) are not able to pass through (Lin and
Qi 2019).
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Although dialysis is a widespread purification method for
nanoparticles such as liposomes, only a few numbers of articles
report dialysis as a method to separate unloaded drugs from drug-
loaded EV, probably due to the challenges encountered with this
method (Cheng et al. 2019). Indeed, dialysis requires rigorous
controls and adjustments. Firstly, determining the appropriate
dialysis time is crucial for effectively removing the unloaded drug
while preserving drug loading. Short dialysis times can prevent
the complete elimination of the unloaded drug, while extended
times can initiate a release of the loaded drug (Sun and Du 2012).
Indeed, dialysis is a widespread method for studying drug release
in vitro (Zhao et al. 2023). Secondly, the MWCO of the membrane
must be selected based on the size of the EV and the drug: it
should retain EV inside the dialysis bag but allow free diffusion of
the unloaded drug. Thirdly, the selection of the dialysis medium
plays a crucial role in this process. Parameters such as volume,
temperature, and pH of the dialysis medium need to be optimized
(Sun and Du 2012). The drug should be soluble in the dialysis
medium to avoid the formation of aggregates that would not cross
the membrane. PBS is commonly used as a dialysis medium, but
may not be suitable for poorly soluble or lipophilic drugs (Lin and
Qi 2019).

This simple and cost-effective method can process large vol-
umes and is relatively gentle in removing the unloaded drug
due to the concentration gradient used (Sun and Du 2012).
However, this method requires long processing times and a
regular replacement of the dialysis medium to maintain the
concentration gradient between the EV suspension (within the
cassette) and the dialysis medium (outside the cassette) (Lin
and Qi 2019). Larger molecules, such as proteins, have lower
diffusion coefficients, limiting their passage through the semi-
permeable membrane. Moreover, optimizations to determine the
most appropriate dialysis time and dialysis medium must be
carried out for each experiment.

3.6 | Commercial Exosome Isolation Kits

Commercial isolation kits like ExoQuick rely on a polymer that
gently precipitates exosomes and microvesicles (De Sousa et al.
2023). These kits use volume-excluding polymers to reduce the
solubility of EV and similarly sized proteins and particles, which
are subsequently isolated using low-speed centrifugation.

The sample containing EV and the free drug is incubated with the
ready-to-use precipitation solution for 30 min, 1 h, or overnight,
depending on the kit, at 4°C, followed by a centrifugation step
to pellet the EV/polymer suspension. Generally, the companies
selling the kits do not disclose details of the principles of EV
isolation.

Although not the most commonly used, commercial isolation
kits such as ExoQuick have been reported in articles for sep-
arating loaded EV from unloaded molecules such as nucleic
acids, curcumin and olaparib (Table 1). This technique is readily
accessible, less labour-intensive, and does not require specialized
equipment. In addition, it allows high EV recovery (Lang et al.
2022). However, commercial isolation kits are relatively expen-
sive, and the analysis is limited to a small number of samples
(De Sousa et al. 2023). As manufacturers do not disclose the

exact chemical composition and mechanism of the polymers used
in these kits, it is challenging for researchers to understand or
control the purification process fully. This can result in variability
across experiments and difficulty interpreting results, particularly
if unintended interactions occur between the polymers and
the sample components (Welsh et al. 2024). Another notable
constraint of ExoQuick is its lack of specificity, which can lead
to the co-isolation of non-exosomal particles/molecules alongside
the desired drug-loaded EV (Tang et al. 2017).

3.7 | Degradation by Nucleases

This purification strategy is specific to the loading of nucleic acids
into EV. Several studies have reported the use of ribonucleases
(RNAse) or deoxyribonucleases (DNAse) to degrade unloaded
RNA and DNA, respectively, making it a promising strategy
to ensure the complete elimination of unloaded nucleic acids.
For example, RNAse treatment is commonly used to remove
contaminating external RNA when analysing the RNA content
within EV (Mateescu et al. 2017). It is important to note that
the EV-associated RNA, that is, RNA adsorbed on the EV outer
surface, could be degraded by these nucleases (Rankin-Turner
et al. 2021). Therefore, this approach is preferable for the isolation
of EV with only RNA/DNA stably incorporated into their core.

Degradation by nucleases is not systematically applied after RNA
or DNA encapsulation into EV. Some papers have opted for
more conventional purification methods such as SEC (Faruqu
et al. 2018), precipitation via a commercial kit (Aqil et al. 2019)
ultracentrifugation (Zhang et al. 2019; Banizs et al. 2014), or
ultrafiltration (Wang et al. 2017). Lamichhane et al. investigated
the loading of siRNA, miRNA, and ssDNA into EV. They used
DNAse I to remove ssDNA, but avoided using RNAse for
miRNA removal due to difficulties in successfully inactivating
RNAse A, opting for ultrafiltration instead (Lamichhane et al.
2016).

EV are typically incubated with the nuclease for 30 min at RT or
37°C (Table 1). However, incubation times and temperatures are
not consistently reported across studies. Two distinct protocols
are described in the literature. In the first one, EV are incubated
with the nuclease, followed by ultracentrifugation or precipita-
tion to collect RNA/DNA-loaded EV in the pellet (Limoni et al.
2019). In the second one, EV are incubated with the nuclease,
which is subsequently deactivated by adding EDTA (20 mM),
followed by centrifugation to pellet the inactivated enzyme and
digested unloaded RNA/DNA (see examples in Table 1, in section
“degradation by nucleases”).

This technique is easy to use, low-cost and less labour-intensive.
It is suitable for large volumes. Moreover, even if some unloaded
nucleic acids remain in the EV suspension after centrifugation,
they are inactivated by the nucleases, minimizing the risk of
observing therapeutic effects caused by unloaded molecules. No
information on EV recovery was found in the literature. If drug-
loaded EV are recovered using ultracentrifugation, it may result in
the same drawbacks described in the ultracentrifugation section,
such as the formation of aggregates and potential damage to the
EV membrane.
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4 | Parameters to Consider When Choosing a
Purification Method

When exploring EV as drug delivery systems, the main con-
sideration is typically on selecting suitable EV isolation and
loading methods. However, there is a notable lack of literature on
purification strategies that separate unloaded drugs from drug-
loaded EV after the loading process. This purification process is a
fundamental but often neglected aspect, as evidenced by the lack
of reviews dedicated to this topic.

Various parameters must be considered when choosing a purifica-
tion method, including the number of EV recovered after purifi-
cation, the loading method, the nature of the loaded molecule,
the isolation method, the cost-effectiveness and the convenience
of use. These factors could significantly influence the success and
feasibility of experiments. Further investigations in this direction
hold promise for developing standardized protocols or guidelines
for EV purification.

4.1 | EV Recovery

When selecting a separation method for drug-loaded EV, a crucial
factor to consider is the yield of EV recovery after purification.
Notably, a limitation in the advancement of EV-based nanocarri-
ers for clinical applications is the low yield of EV isolated from
parent cells or tissues (Chen et al. 2021). Therefore, minimizing
EV loss during the purification process is essential for progressing
toward in vivo pre-clinical studies and, more significantly, for
clinical trials.

EV recovery differs depending on the purification method
employed. Two common shortfalls are found in many papers.
Firstly, data are absent regarding the quantity of EV both pre-
and post-purification. Secondly, EV recovery is mostly estimated
by measuring the protein concentration using Bradford assay,
while the protein content varies according to the EV source.
Therefore, the protein concentration does not correlate with the
particle number. Consequently, comparing methods and data
across publications to identify the methods with the highest
EV recovery is complex. However, comparative studies on EV
isolation methods are common and can provide some guidance,
as isolation methods are quite similar to purification methods.
For instance, the literature suggests that ultracentrifugation and
gradient density centrifugation result in a lower yield of EV
compared to SEC (Du et al. 2023; Xu et al., 2023).

42 | EV Purity

A second factor to consider in the purification process of EV
is ensuring their purity, specifically the complete removal of
any unloaded drug. Effective separation of drug-loaded EV from
unloaded drugs is crucial for ensuring enhanced stability, reduced
side effects, targeted delivery and accurate determination of EE.

For example, if the free molecule forms aggregates or micelles
similar in size to EV, purification methods based on size exclusion
may be insufficient, necessitating alternative methods to prevent
co-isolation. When using ultrafiltration, membrane saturation

can occur due to the accumulation of EV or unloaded drugs on the
membrane surface and within its pores. This can prevent solvent
flow and thus the passage of free drug molecules through the
membrane (Chen et al. 2018).

Directly related to this issue, the inability of current purification
methods to separate unloaded EV from loaded EV poses an
additional challenge. When incubating EV with a drug, it is
uncertain whether each vesicle will successfully load the drug,
even when physical or chemical methods are used to disrupt the
EV membranes. Consequently, most studies probably work with
a heterogeneous mixture of EV, some of which contain the drug
while others do not. In cases where EV have intrinsic therapeu-
tic properties, such as MSC-derived EV, the administration of
unloaded EV can be beneficial (Wiklander et al. 2019). However,
ensuring the safety of EV used as drug delivery vectors is crucial.
For instance, the potential oncogenic risk of tumour cell-derived
EV, often employed to enhance cancer cell targeting, must be
carefully considered (Koh et al. 2023).

4.3 | Loading Methods

As mentioned in the introduction, two strategies exist for loading
drugs into EV: endogenous and exogenous loading. Endogenous
loading (Figure 2A) presents the advantage of combining EV iso-
lation and purification into a single step. Conventional isolation
methods such as ultracentrifugation, SEC, or ultrafiltration are
used to collect EV, and simultaneously eliminate the unloaded
cargo. Opting for endogenous loading instead of exogenous
loading can reduce EV losses and minimize EV damages since
the isolation and purification occur in a single step. However,
this method is limited to molecules compatible with the cellular
machinery of EV-producing cells and exhibit low cytotoxicity.

In contrast, exogenous loading (Figure 2B) implies isolating
EV before the cargo loading and an additional post-loading
purification step to remove any unloaded drug. This two-stage
approach involves potential losses of EV at each stage, suggesting
higher overall losses. However, endogenous loading has shown
lower efficiency than exogenous loading, which can enhance
loading efficiency by using physical and chemical methods to
disrupt EV membranes (Sutaria et al. 2017). The aforementioned
limitations regarding the effective removal of unloaded molecules
apply to both endogenous and exogenous methods.

4.4 | Nature of the Loaded Molecule

The nature of molecules loaded into EV is an important parame-
ter to consider when selecting a purification method. Molecules
encapsulated into EV differ in terms of size, charge, and solubility.
The purification method should thus ensure the absence of
unwanted interactions with the drug. The mismatch between the
purification method and the physicochemical properties of the
drug is a significant issue.

Haney et al. explored the ability of macrophage-derived
EV loaded with low molecular chemotherapeutic agents—
specifically, doxorubicin and paclitaxel—to target cancer cells.
Different loading methods have been carried out for each
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FIGURE 2 | Schematic representation of the two strategies that can be used to load drugs into EV. (A) Endogenous loading consists of loading the
druginto EV during their biogenesis, followed by isolation and purification of drug-loaded EV from the parent cell culture media. (B) Exogeneous loading
consists of isolating EV from parent cell culture media, then loading the drug into EV, and finally purifying drug-loaded EV. Created with Biorender.

molecule due to their different solubility in water solutions
(doxorubicin is a hydrophilic molecule while paclitaxel is a
hydrophobic one). Even though distinct loading methods were
tested for preparing doxorubicin-loaded EV and paclitaxel-loaded
EV, the separation of unloaded drugs from the drug-loaded EV
was carried out in both cases by SEC (using a NAP-10 Sephadex
G25 column) (Haney et al. 2019). However, the behaviour of
doxorubicin and paclitaxel molecules during elution through
the SEC is likely to be different. SEC requires hydrophilic
eluents, mostly PBS, which is not compatible with insoluble or
lipophilic drugs, like paclitaxel. It could lead to the formation of
aggregates/precipitates that are similar in size or larger than EV,
and consequently could be co-isolated with drug-loaded EV (Lin
and Qi 2019).

Another study investigated the loading efficiency of porphyrins
with varying degrees of hydrophilicity (Fuhrmann et al. 2015).
The purification of porphyrin-loaded EV was conducted by
SEC using Sephadex G75, regardless of the porphyrin nature.
The purification method was not adjusted to account for the
differences in solubility between the porphyrins. The researchers
hypothesized that variations in the loading efficiency of por-
phyrins into EV were influenced by their hydrophobicity. How-
ever, the effectiveness of separation between unloaded drugs
and drug-loaded EV may also depend on the nature of the
porphyrin. Consequently, one could hypothesize that the removal
of unloaded drugs is incomplete and varies depending on the
nature of the porphyrins, potentially leading to an overestimation
of the loaded porphyrin and a bias in interpreting the loading
efficiency.

To the best of our knowledge, only one study adapted the
purification method based on the hydrophobicity of the cargo.
Unloaded hydrophilic drugs were removed by ultrafiltration,
while unloaded hydrophobic drugs were separated from EV

using low-speed centrifugation combined with ultrafiltration.
However, the rationale behind this choice was not explained
(Li et al. 2023). One hypothesis could be that hydrophobic
molecules form aggregates in aqueous solvents and the use of
lower speed during the initial centrifugation step enables the
heavier drug aggregates to be selectively separated first. It should
be noted that the combination of low-speed centrifugation and
ultracentrifugation has been used by several papers for removing
lipophilic molecules (Table 1, section “low-speed centrifugation
combined with ultracentrifugation”). Only one of them (Tran
et al. 2019) explicitly mentions using low-speed centrifugation
(10,000 x g for 1 h) to remove aggregates and unloaded drugs,
followed by ultracentrifugation to pellet drug-loaded EV.

Furthermore, the purification of lipophilic molecules does
not consistently involve low-speed centrifugation. Single-step
ultracentrifugation has been used in some studies to remove
paclitaxel, curcumin, imperialine or piceatannol (Table 1). This
technique also requires aqueous solvents, in which hydrophobic
molecules may form precipitates that make purification more
complex.

Another challenge is the diversity of methods found in the
literature for the removal of a specific drug. For instance, the
purification method employed to separate free-doxorubicin from
doxorubicin-loaded EV varies from one study to another: SEC
(Chen et al. 2021), ultracentrifugation (Martins-Marques et al.
2016; Tian et al. 2014; Bagheri et al. 2020), ultrafiltration (Gomari
et al. 2018; Ingato et al. 2018), or external magnetic field (Zhang
et al. 2017) have been used. Additionally, when ultrafiltration is
used, varying MWCO are applied, even for the same molecule.
For instance, MWCO ranging from 10 to 100 kDa have been
used to purify unloaded doxorubicin (Goh et al. 2017; Jang et al.
2023). This variability in purification methods complicates the
comparison of results across studies.
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4.5 | Technical Aspects

Various technical aspects such as time, costs and equipment, as
well as the sample volume, must be considered when choosing a
purification method (Figure 3).

Although the passage of the sample through the SEC takes only
a few minutes, additional steps to (Gurung et al. 2021) prepare
the SEC by hydrating the resin and placing it in an appropriate
tube, as well as (Chen et al. 2021) washing the SEC before and
after sample passage, add extra time to the process. The density
gradient centrifugation takes 90 min (for step gradient) to 16 h (for
linear gradient), which corresponds to the centrifugation time.
However, additional steps, such as preparing the density gradient
and collecting fractions after centrifugation, extend the handling
time. Ultracentrifugation takes from 60 to 120 min (Table 1).
Precipitation via kits varies between 30 min and an overnight
incubation (depending on the kit supplier), followed by 30 min
of low-speed centrifugation. Ultrafiltration typically ranges from
10 to 30 min. Dialysis usually takes many hours, even overnight.
Finally, incubation of EV with RNAse or DNAse lasts 30 min,
followed by additional time for collecting drug-loaded EV and
removing the enzyme by centrifugation, ultracentrifugation, or
precipitation.

The handling volume varies depending on the purification
method. Dialysis and ultrafiltration allow for processing larger
sample volumes than SEC or precipitation (Figure 3). The
limited handling volume of some methods prevents their use for
large-scale production.

Ultracentrifugation and density gradient centrifugation require
costly specialized equipment, potentially limiting access for
some research teams (Martins et al. 2023; Xu et al. 2023). An
ultracentrifuge typically ranges in cost between €20,000 and
€100,000. However, once acquired, they are economical methods,
costing approximately €7 per tube and €0.1 per gram of sucrose.
The cost of ultrafiltration ranges from €5 to €40 per unit. On
average, a column of SEC costs around €15. Purchasing bulk gel
matrix is more cost-effective than purchasing packed columns
such as Izon qEV. For EV isolation kits, the average cost is €30

per reaction, depending on the specific kit (one reaction being for
0.25-2 mL of sample). Dialysis bags are available in membrane
tubing form, priced at €0.24/cm of length (sufficient for 2-10 mL
of sample per cm), or in cassette form, which is easier and safer
to handle but more expensive, at €14 per cassette, accommodating
volumes ranging from 1 to 125 mL. RNAse H varies from €2/unit to
€7/unit, depending on the supplier. DNAse I costs approximately
€0.1/unit.

5 | How Can the Purification Process be
Improved?

The purification process of drug-loaded EV is a critical aspect of
their use as nanocarriers for drug delivery. Although the literature
may not extensively cover this topic, several avenues need to
be explored for selecting the appropriate purification method
depending on each application. In this section, we discuss some
promising ideas, such as comparing purification methods within
the same study, combining different purification methods, using
an affinity-based method, and adhering to guidelines.

5.1 | Comparison of Different Purification
Methods to Determine the Optimal Compromise for
Each Specific Application

Considering (Gurung et al. 2021) the absence of a standardized
method for EV purification and (Chen et al. 2021) the necessity for
the purification method to be tailored to the study/drug, it could
be interesting to compare different purification methods within
individual experiments to identify the most suitable and effective
approach. Unfortunately, comparative studies evaluating various
EV purification methods are rare. As far as we know, there is only
one such study (Chen et al. 2021). The authors have evaluated
the recovery of doxorubicin-loaded EV after purification using
SEC or ultrafiltration. Their study highlighted that ultrafiltration,
specifically using Vivaspin 20 Diafiltration device (Sartorius) with
300 kDa MWCO, resulted in a significant loss of drug-loaded
EV compared to SEC. This could be attributed to the adsorption
of drug-loaded EV onto the membrane filter (Liu et al. 2022).
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However, these results are specific to this particular experiment,
and additional studies are needed to determine whether they can
be generalized beyond doxorubicin-loaded EV.

5.2 | Combination of Different Purification
Methods

Several studies have reported the use of combined purification
methods to remove unloaded drugs through complementary
mechanisms (Table 1).

One common approach, mentioned in several articles, is the
combination of low-speed centrifugation followed by ultracen-
trifugation. As discussed earlier, low-speed centrifugation at
10,000 x g is likely used to remove debris and drug aggregates, and
subsequent ultracentrifugation at speeds of 100,000 X g or higher
to pellet EV. This approach has been consistently used in studies
involving the loading of hydrophobic cargo (Table 1, section
“Low-speed centrifugation combined with ultracentrifugation”).
However, an important cautionary note is that the approach
presupposes that all drugs aggregate, which may not always be
true.

Elashiry et al. and Zhao et al. combined ultrafiltration with
ultracentrifugation, but no explicit justification is mentioned
to support that choice (Zhao et al. 2021; Elashiry et al. 2020).
Most likely, ultrafiltration was used to concentrate the sample
(and remove molecules smaller than the cutoff) before using
ultracentrifugation to collect EV in the pellet.

Lamicchane et al. used ultrafiltration followed by an incubation
with DNA I enzyme for 20 min to remove the excess of unloaded
DNA (Lamichhane et al. 2015).

The combination of several methods increases the risk of EV loss
and drug leakage from EV, but has the advantage of providing
EV with high purity, that is, fewer contaminating unloaded
drugs. Additionally, combining methods increases experimental
complexity and associated costs.

5.3 | Enhance the Selectivity by Using an
Affinity-Based Method

The methods discussed above are primarily based on the size and
density of EV. In contrast, affinity-based techniques use highly
selective and specific interactions between markers present on
the EV membrane, such as tetraspanins, heparin, heat shock
proteins or phosphatidylserine, and their corresponding ligands
(Nakai et al. 2016). The ligands against their surface markers are
immobilized on magnetic beads, plates, microfluidic devices or
chromatographic stationary phases.

The main advantage of this method is the possibility, in theory,
to purify only EV without drug aggregates. This is achieved by
selecting a ligand that interacts with a surface molecule on EV, but
not with the unloaded drug. However, this method is limited by
the lack of reliable markers and by the heterogeneous expression
of EV markers, even among EV originating from the same source
(Gutierrez-Millan et al. 2021). Additionally, detaching bound EV

from ligands using mild elution conditions poses a significant
challenge. The use of alkaline or acidic elution buffers, which
are often required to efficiently release EV during the elution
process, may compromise their integrity and functional activity.
This presents a potential drawback to the method, as maintaining
the biological function of EV is crucial for their therapeutic
application (Strohle et al. 2022).

The affinity-based method is not used for drug-loaded EV purifi-
cation, likely due to the drawbacks mentioned above and the need
for an in-depth understanding of the interactions between EV
molecules and ligands.

5.4 | Adherence to Guidelines

Purification guidelines need to be proposed to enhance under-
standing and comparability across studies. Rankin-Turner et
al. have published guidelines specifically addressing EV load-
ing (Rankin-Turner et al. 2021). They recommended adding a
detailed method used for the purification of drug-loaded EV,
including centrifuge model and rotor type, speed and time of
centrifugation, the number of wash/filtration steps, and the type
of filter used. Furthermore, they recommended quantifying EV
after the purification of drug-loaded EV to establish EV loss
during the purification process. They also consider it important
to specify whether the loading efficiency was calculated by an
indirect method (measurement of the remaining unloaded drug
the supernatant/eluate after isolation of drug-loaded EV) or
by a direct method (measurement of the drug in EV suspen-
sion after destruction of drug-loaded EV to release the drug)
(Rankin-Turner et al. 2021). Systematically including this detailed
information could improve data transparency, thus improving
reproducibility and facilitating relevant comparisons across stud-
ies. Sharing of knowledge and findings, whether positive or
negative, could help advance research in this field.

6 | Conclusion

The investigation and the selection of a suitable purification
method are critical but often overlooked in the field of EV-
based drug delivery systems. The lack of dedicated reviews
and studies focusing on purification strategies contributes to
the complexity of selecting the method to isolate drug-loaded
EV. Only effective removal of the unloaded drug will enable
accurate quantification of the loaded drug into EV and will
ensure that the observed therapeutic effect is due to the loaded
drug rather than the residual unloaded drug. Since purification
methods can affect the quality and the yield of drug-loaded EV,
choosing the appropriate approach can significantly impact the
experimental outcomes. Establishing and following guidelines
would improve transparency, reproducibility, and comparability
across studies. Further research and more effort could lead to
the development of robust protocols and guidelines, ensuring
the successful and consistent purification of drug-loaded EV in
a variety of experimental contexts.

15 0f 20

85UB017 SUOWIWOD BA11E8.10) 8|t [dde 8y} Aq pausenob ake Sap1e O ‘8sN JO S9INJ 10} ARIq1T 8ULUO AB|IAN LD (SUONIPUOD-PUR-SLLIBY WD A8 M Ale.q)1 Ul |UO//:Sty) SUORIPUOD pue SWs | 841 89S *[5202/90/2T] uo Arlqiauliuo (1M ‘ureAno 8@ anbijoyed alsieAIUN Ad 26002 2/8/Z00T OT/I0p/w00" A8 1M AReIq 1 puljuo'S [eUINo [Ass1//:sdny woiy pepeoiumod ‘9 ‘520z ‘8L0ET00Z



Author Contributions

Marie Auquiére: Writing - original draft (lead). Giulio G. Muccioli:
Writing - review and editing (equal). Anne des Rieux: Writing - review
and editing (equal).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data sharing is not applicable to this article as no datasets were generated
or analysed during the current study

References

Agrawal, A. K., F. Aqil, J. Jeyabalan, et al. 2017. “Milk-Derived Exosomes
for Oral Delivery of paclitaxel.” Nanomedicine 13, no. 5: 1627-1636.

Albaladejo-Garcia, V., L. Moran, A. Santos-Coquillat, et al. 2024. “Cur-
cumin Encapsulated in Milk Small Extracellular Vesicles as a Nanother-
apeutic Alternative in Experimental Chronic Liver Disease.” Biomedicine
& Pharmacotherapy 173: 116381.

Alvarez-Erviti, L., Y. Seow, H. Yin, C. Betts, S. Lakhal, and M. J. Wood.
2011. “Delivery of siRNA to the Mouse Brain by Systemic Injection of
Targeted Exosomes.” Nature Biotechnology 29, no. 4: 341-345.

Aqil, F., H. Kausar, A. K. Agrawal, et al. 2016. “Exosomal Formulation
Enhances Therapeutic Response of Celastrol Against Lung Cancer.”
Experimental and Molecular Pathology 101, no. 1: 12-21.

Aqil, F., R. Munagala, J. Jeyabalan, et al. 2019. “Milk Exosomes—Natural
Nanoparticles for siRNA Delivery.” Cancer Letters 449: 186-195.

Aqil, F., R. Munagala, J. Jeyabalan, A. K. Agrawal, and R. Gupta.
2017. “Exosomes for the Enhanced Tissue Bioavailability and Efficacy of
Curcumin.” AAPS Journal 19, no. 6: 1691-1702.

Bagheri, E., K. Abnous, S. A. Farzad, S. M. Taghdisi, M. Ramezani,
and M. Alibolandi. 2020. “Targeted Doxorubicin-Loaded Mesenchymal
Stem Cells-Derived Exosomes as a Versatile Platform for Fighting Against
Colorectal Cancer.” Life Sciences 261: 118369.

Banizs, A. B, T. Huang, K. Dryden, et al. 2014. “In Vitro Evaluation of
Endothelial Exosomes as Carriers for Small Interfering Ribonucleic Acid
Delivery.” International Journal of Nanomedicine 9: 4223-4230.

Batrakova, E. V., and M. S. Kim. 2015. “Using Exosomes, Naturally-
Equipped Nanocarriers, for Drug Delivery.” Journal of Controlled Release
219: 396-405.

Boing, A. N., E. van der Pol, A. E. Grootemaat, F. A. Coumans, A. Sturk,
and R. Nieuwland. 2014. “Single-Step Isolation of Extracellular Vesicles
by Size-Exclusion Chromatography.” Journal of Extracellular Vesicles 3:
23430.

Brennan, K., K. Martin, and S. P. FitzGerald, et al. 2020. “A Comparison of
Methods for the Isolation and Separation of Extracellular Vesicles From
Protein and Lipid Particles in Human Serum.” Scientific Reports 10, no. 1:
1039.

Brezgin, S., O. Danilik, A. Yudaeva, et al. 2024. “Basic Guide for
Approaching Drug Delivery With Extracellular Vesicles.” International
Journal of Molecular Sciences 25, no. 19: 10401.

Carobolante, G., J. Mantaj, E. Ferrari, and D. Vllasaliu. 2020. “Cow Milk
and Intestinal Epithelial Cell-Derived Extracellular Vesicles as Systems
for Enhancing Oral Drug Delivery.” Pharmaceutics 12, no. 3: 226.

Chen, C., M. Sun, J. Wang, L. Su, J. Lin, and X. Yan. 2021. “Active
Cargo Loading Into Extracellular Vesicles: Highlights the Heterogeneous
Encapsulation Behaviour.” Journal of Extracellular Vesicles 10, no. 13:
el2163.

Chen, H., L. Wang, X. Zeng, et al. 2021. “Exosomes, a New Star for Targeted
Delivery.” Frontiers in Cell and Developmental Biology 9: 751079.

Chen, J., H. Pan, Y. Yang, et al. 2018. “Self-Assembled Liposome From
Multi-Layered Fibrous Mucoadhesive Membrane for Buccal Delivery
of Drugs Having High First-Pass Metabolism.” International Journal of
Pharmaceutics 547, no. 1-2: 303-314.

Chen, M., S. Wang, Y. Chen, et al. 2024. “Precision Cardiac Targeting:
Empowering Curcumin Therapy Through Smart Exosome-Mediated
Drug Delivery in Myocardial Infarction.” Regenerative Biomaterials 11:
rbad108.

Cheng, H., J. H. Fan, L. P. Zhao, et al. 2019. “Chimeric Peptide Engineered
Exosomes for Dual-Stage Light Guided Plasma Membrane and Nucleus
Targeted Photodynamic Therapy.” Biomaterials 211: 14-24.

de Abreu, R. C., C. V. Ramos, and C. Becher, et al. 2021. “Exogenous Load-
ing of miRNAs Into Small Extracellular Vesicles.” Journal of Extracellular
Vesicles 10, no. 10: e12111.

De Sousa, K. P, I. Rossi, M. Abdullahi, M. I. Ramirez, D. Stratton,
and J. M. Inal. 2023. “Isolation and Characterization of Extracellu-
lar Vesicles and Future Directions in Diagnosis and Therapy.” Wiley
Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology 15, no. 1:
€1835.

Didiot, M. C., L. M. Hall, A. H. Coles, et al. 2016. “Exosome-Mediated
Delivery of Hydrophobically Modified siRNA for Huntingtin mRNA
Silencing.” Molecular Therapy 24, no. 10: 1836-1847.

Du, S., Y. Guan, A. Xie, et al. 2023. “Extracellular Vesicles: A Rising Star
for Therapeutics and Drug Delivery.” Journal of Nanobiotechnology 21, no.
1: 231,

Elashiry, M., M. M. Elashiry, R. Elsayed, et al. 2020. “Dendritic Cell
Derived Exosomes Loaded With Immunoregulatory Cargo Reprogram
Local Immune Responses and Inhibit Degenerative Bone Disease In
Vivo.” Journal of Extracellular Vesicles 9, no. 1: 1795362.

Faruqu, F. N,, L. Xu, and A. I- J. KT. 2018. “Preparation of Exosomes for
siRNA Delivery to Cancer Cells.” Journal of Visualized Experiments: JOVE,
no. 142: e58814.

Fu, S., Y. Wang, X. Xia, and J. C. Zheng. 2020. “Exosome Engineering:
Current Progress in Cargo Loading and Targeted Delivery.” NanoImpact
20:100261.

Fuhrmann, G., A. Serio, M. Mazo, R. Nair, and M. M. Stevens. 2015.
“Active Loading Into Extracellular Vesicles Significantly Improves the
Cellular Uptake and Photodynamic Effect of Porphyrins.” Journal of
Controlled Release 205: 35-44.

Gandham, S., X. Su, J. Wood, et al. 2020. “Technologies and Standardiza-
tion in Research on Extracellular Vesicles.” Trends in Biotechnology 38, no.
10: 1066-1098.

Gao, J., S. Wang, and Z. Wang. 2017. “High Yield, Scalable and Remotely
Drug-Loaded Neutrophil-Derived Extracellular Vesicles (EVs) for Anti-
Inflammation Therapy.” Biomaterials 135: 62-73.

Gao, Z. S., C. J. Zhang, N. Xia, et al. 2021. “Berberine-Loaded M2
Macrophage-Derived Exosomes for Spinal Cord Injury Therapy.” Acta
Biomaterialia 126: 211-223.

Garofalo, M., A. Villa, N. Rizzi, et al. 2019. “Extracellular Vesicles
Enhance the Targeted Delivery of Immunogenic Oncolytic adenovirus
and Paclitaxel in Immunocompetent Mice.” Journal of Controlled Release
294:165-175.

Goh, W. J,, C. K. Lee, S. Zou, E. C. Woon, B. Czarny, and G. Pastorin.
2017. “Doxorubicin-Loaded Cell-Derived Nanovesicles: An Alternative
Targeted Approach for Anti-Tumor Therapy.” International Journal of
Nanomedicine 12: 2759-2767.

Gomari, H., M. Forouzandeh Moghadam, and M. Soleimani. 2018.
“Targeted Cancer Therapy Using Engineered Exosome as a Natural Drug
Delivery Vehicle.” Onco Targets Therapy 11: 5753-5762.

Gong, C.,J. Tian, Z. Wang, et al. 2019. “Functional Exosome-Mediated Co-
delivery of Doxorubicin and Hydrophobically Modified microRNA 159 for
Triple-Negative Breast Cancer Therapy.” Journal of Nanobiotechnology 17,
no. 1: 93.

16 of 20

Journal of Extracellular Vesicles, 2025

85UB017 SUOWIWOD BA11E8.10) 8|t [dde 8y} Aq pausenob ake Sap1e O ‘8sN JO S9INJ 10} ARIq1T 8ULUO AB|IAN LD (SUONIPUOD-PUR-SLLIBY WD A8 M Ale.q)1 Ul |UO//:Sty) SUORIPUOD pue SWs | 841 89S *[5202/90/2T] uo Arlqiauliuo (1M ‘ureAno 8@ anbijoyed alsieAIUN Ad 26002 2/8/Z00T OT/I0p/w00" A8 1M AReIq 1 puljuo'S [eUINo [Ass1//:sdny woiy pepeoiumod ‘9 ‘520z ‘8L0ET00Z



Gul, R., H. Bashir, and M. Sarfraz, et al. 2024. “Human Plasma Derived
Exosomes: Impact of Active and Passive Drug Loading Approaches on
Drug Delivery.” Saudi Pharmaceutical Journal 32, no. 6: 102096.

Gurung, S., D. Perocheau, L. Touramanidou, and J. Baruteau. 2021.
“The Exosome Journey: From Biogenesis to Uptake and Intracellular
Signalling.” Cell Communication and Signaling 19, no. 1: 47.

Gutierrez-Millan, C., C. Calvo Diaz, J. M. Lanao, and C. I. Colino. 2021.
“Advances in Exosomes-Based Drug Delivery Systems.” Macromolecular
Bioscience 21, no. 1: €2000269.

Han, G., Y. Zhang, L. Zhong, et al. 2024. “Generalizable Anchor Aptamer
Strategy for Loading Nucleic Acid Therapeutics on Exosomes.” EMBO
Molecular Medicine 16, no. 4: 1027-1045.

Han, L., Z. Zhao, C. He, J. Li, X. Li, and M. Lu. 2023. “Removing the
Stumbling Block of Exosome Applications in Clinical and Translational
Medicine: Expand Production and Improve Accuracy.” Stem Cell Res
Therapy 14, no. 1: 57.

Haney, M. J., N. L. Klyachko, E. B. Harrison, Y. Zhao, A. V. Kabanov, and
E. V. Batrakova. 2019. “TPP1 Delivery to Lysosomes With Extracellular
Vesicles and Their Enhanced Brain Distribution in the Animal Model of
Batten Disease.” Advanced Healthcare Materials 8, no. 11: e1801271.

Haney, M. J., N. L. Klyachko, Y. Zhao, et al. 2015. “Exosomes as Drug
Delivery Vehicles for Parkinson’s Disease Therapy.” Journal of Controlled
Release 207: 18-30.

Haney, M. J., Y. Zhao, Y. S. Jin, et al. 2020. “Macrophage-Derived
Extracellular Vesicles as Drug Delivery Systems for Triple Negative Breast
Cancer (TNBC) Therapy.” Journal of Neuroimmune Pharmacology 15, no.
3: 487-500.

Hendrix, A., L. Lippens, C. Pinheiro, et al. 2023. “Extracellular Vesicle
Analysis.” Nature Reviews Methods Primers 3, no. 1: 56.

Hettich, B. F., J. J. Bader, and J. C. Leroux. 2022. “Encapsulation of
Hydrophilic Compounds in Small Extracellular Vesicles: Loading Capac-
ity and Impact on Vesicle Functions.” Advanced Healthcare Materials 11,
no. 5: €2100047.

Hosseini Shamili, F., M. Alibolandi, H. Rafatpanah, et al. 2019.
“Immunomodulatory Properties of MSC-Derived Exosomes Armed With
High Affinity Aptamer Toward Mylein as a Platform for Reducing
Multiple Sclerosis Clinical Score.” Journal of Controlled Release 299:
149-164.

Ingato, D., J. A. Edson, M. Zakharian, and Y. J. Kwon. 2018. “Cancer
Cell-Derived, Drug-Loaded Nanovesicles Induced by Sulfhydryl-Blocking
for Effective and Safe Cancer Therapy.” ACS Nano 12, no. 9: 9568-
9577.

Izco, M., J. Blesa, M. Schleef, et al. 2019. “Systemic Exosomal Delivery of
shRNA Minicircles Prevents Parkinsonian Pathology.” Molecular Therapy
27, no. 12: 2111-2122.

Jang, H., H. Kim, E. H. Kim, et al. 2023. “Post-Insertion Technique
to Introduce Targeting Moieties in Milk Exosomes for Targeted Drug
Delivery.” Biomaterials Research 27, no. 1: 124.

Janouskova, O., R. Herma, and A. Semeradtova, et al. 2022. “Conven-
tional and Nonconventional Sources of Exosomes-Isolation Methods and
Influence on Their Downstream Biomedical Application.” Frontiers in
Molecular Biosciences 9: 846650.

Jeyaram, A., T. N. Lamichhane, S. Wang, et al. 2020. “Enhanced
Loading of Functional miRNA Cargo via pH Gradient Modification of
Extracellular Vesicles.” Molecular Therapy 28, no. 3: 975-985.

Jhan, Y. Y., D. Prasca-Chamorro, and G. Palou Zuniga, et al. 2020.
“Engineered Extracellular Vesicles With Synthetic Lipids via Membrane
Fusion to Establish Efficient Gene Delivery.” International Journal of
Pharmaceutics 573: 118802.

Jia, G., Y. Han, Y. An, et al. 2018. “NRP-1 Targeted and Cargo-Loaded
Exosomes Facilitate Simultaneous Imaging and Therapy of Glioma In
Vitro and In Vivo.” Biomaterials 178: 302-316.

Joshi, B. S., D. Ortiz, and I. S. Zuhorn. 2021. “Converting Extracellular
Vesicles Into Nanomedicine: Loading and Unloading of Cargo.” Materials
Today Nano 16: 100148.

Jung, K. O.,, H. Jo, J. H. Yu, S. S. Gambhir, and G. Pratx. 2018.
“Development and MPI Tracking of Novel Hypoxia-Targeted Theranostic
Exosomes.” Biomaterials 177: 139-148.

Kalimuthu, S., P. Gangadaran, R. L. Rajendran, et al. 2018. “A New
Approach for Loading Anticancer Drugs Into Mesenchymal Stem Cell-
Derived Exosome Mimetics for Cancer Therapy.” Frontiers in Pharmacol-
ogy 9: 1116.

Kalinec, G. M., L. Gao, W. Cohn, J. P. Whitelegge, K. F. Faull, and F.
Kalinec. 2019. “Extracellular Vesicles From Auditory Cells as Nanocarri-
ers for Anti-Inflammatory Drugs and Pro-Resolving Mediators.” Frontiers
in Cellular Neuroscience 13: 530.

Kang,J. Y., H. Park, H. Kim, et al. 2019. “Human Peripheral Blood-Derived
Exosomes for microRNA Delivery.” International Journal of Molecular
Medicine 43, no. 6: 2319-2328.

Kim, G., M. Kim, Y. Lee, J. W. Byun, D. W. Hwang, and M. Lee.
2020. “Systemic Delivery of microRNA-21 Antisense Oligonucleotides to
the Brain Using T7-Peptide Decorated Exosomes.” Journal of Controlled
Release 317: 273-281.

Kim, H. L, J. Park, Y. Zhu, X. Wang, Y. Han, and D. Zhang. 2024. “Recent
Advances in Extracellular Vesicles for Therapeutic Cargo Delivery.”
Experimental & Molecular Medicine 56, no. 4: 836-849.

Kim, M. S.,, M. J. Haney, Y. Zhao, et al. 2016. “Development of
Exosome-Encapsulated Paclitaxel to Overcome MDR in Cancer Cells.”
Nanomedicine 12, no. 3: 655-664.

Kim, S. M., Y. Yang, S. J. Oh, Y. Hong, M. Seo, and M. Jang. 2017. “Cancer-
Derived Exosomes as a Delivery Platform of CRISPR/Cas9 Confer Cancer
Cell Tropism-Dependent Targeting.” Journal of Controlled Release 266: 8—
16.

Kimiz-Gebologlu, I., and S. S. Oncel. 2022. “Exosomes: Large-Scale
Production, Isolation, Drug Loading Efficiency, and Biodistribution and
Uptake.” Journal of Controlled Release 347: 533-543.

Koh, H. B,, H. J. Kim, S. W. Kang, and T. H. Yoo. 2023. “Exosome-Based
Drug Delivery: Translation From Bench to Clinic.” Pharmaceutics 15, no.
8:2042.

Konoshenko, M. Y., E. A. Lekchnov, A. V. Vlassov, and P. P. Laktionov.
2018. “Isolation of Extracellular Vesicles: General Methodologies and
Latest Trends.” BioMed Research International 2018: 8545347.

Lamichhane, T. N., A. Jeyaram, D. B. Patel, et al. 2016. “Oncogene
Knockdown via Active Loading of Small RNAs Into Extracellular Vesicles
by Sonication.” Cellular and Molecular Bioengineering 9, no. 3: 315-324.

Lamichhane, T. N., R. S. Raiker, and S. M. Jay. 2015. “Exogenous DNA
Loading Into Extracellular Vesicles via Electroporation Is Size-Dependent
and Enables Limited Gene Delivery.” Molecular Pharmaceutics 12, no. 10:
3650-3657.

Lang, J. B., M. C. Buck, J. Riviere, et al. 2022. “Comparative Analysis of
Extracellular Vesicle Isolation Methods From Human AML Bone Marrow
Cells and AML Cell Lines.” Frontiers in Oncology 12: 949261.

Li, G.,J. Wang, M. Xu, et al. 2020. “Engineered Exosome for NIR-Triggered
Drug Delivery and Superior Synergistic Chemo-Phototherapy in a Glioma
Model.” Applied Materials Today 20: 100723.

Li, Y., L. Xing, L. Wang, et al. 2023. “Milk-Derived Exosomes as a
Promising Vehicle for Oral Delivery of Hydrophilic Biomacromolecule
Drugs.” Asian Journal of Pharmaceutical Sciences 18, no. 2: 100797.

Li, Y. I, J. Y. Wu, J. M. Wang, X. B. Hu, J. X. Cai, and D. X. Xiang.
2020. “Gemcitabine Loaded Autologous Exosomes for Effective and Safe
Chemotherapy of Pancreatic Cancer.” Acta Biomaterialia 101: 519-530.

Liang, G., Y. Zhu, D. J. Ali, et al. 2020. “Engineered Exosomes for Targeted
Co-delivery of miR-21 Inhibitor and Chemotherapeutics to Reverse Drug
Resistance in Colon Cancer.” Journal of Nanobiotechnology 18, no. 1: 10.

17 of 20

85UB017 SUOWIWOD BA11E8.10) 8|t [dde 8y} Aq pausenob ake Sap1e O ‘8sN JO S9INJ 10} ARIq1T 8ULUO AB|IAN LD (SUONIPUOD-PUR-SLLIBY WD A8 M Ale.q)1 Ul |UO//:Sty) SUORIPUOD pue SWs | 841 89S *[5202/90/2T] uo Arlqiauliuo (1M ‘ureAno 8@ anbijoyed alsieAIUN Ad 26002 2/8/Z00T OT/I0p/w00" A8 1M AReIq 1 puljuo'S [eUINo [Ass1//:sdny woiy pepeoiumod ‘9 ‘520z ‘8L0ET00Z



Liang, Y., X. Xu, X. Li, et al. 2020. “Chondrocyte-Targeted MicroRNA
Delivery by Engineered Exosomes Toward a Cell-Free Osteoarthritis
Therapy.” ACS Applied Materials and Interfaces 12, no. 33: 36938-36947.

Limoni, S. K., M. F. Moghadam, S. M. Moazzeni, H. Gomari, and F. Salimi.
2019. “Engineered Exosomes for Targeted Transfer of siRNA to HER2
Positive Breast Cancer Cells.” Applied Biochemistry and Biotechnology 187,
no. 1: 352-364.

Lin, M., and X.-R. Qi. 2019. “Purification Method of Drug-Loaded
Liposome.” In: W.-L. Lu, and X.-R. Qi, Liposome-Based Drug Delivery
Systems, Springer-Verlag GmbH Germany 1-11.

Lin, Q., M. Qu, B. Zhou, et al. 2019. “Exosome-Like Nanoplatform
Modified With Targeting Ligand Improves Anti-Cancer and Anti-
Inflammation Effects of Imperialine.” Journal of Controlled Release
311-312: 104-116.

Liu, H., M. Shen, D. Zhao, et al. 2019. “The Effect of Triptolide-Loaded
Exosomes on the Proliferation and Apoptosis of Human Ovarian Cancer
SKOV3 Cells.” BioMed Research International 2019: 2595801.

Liu, H. M., and Y. Zhang. 2024. “Folic Acid-Decorated Astrocytes-Derived
Exosomes Enhanced the Effect of Temozolomide Against Glioma.”
Kaohsiung Journal of Medical Sciences 40, no. 5: 435-444.

Liu, W. Z., Z.J. Ma, and X. W. Kang. 2022. “Current Status and Outlook of
Advances in Exosome Isolation.” Analytical and Bioanalytical Chemistry
414, no. 24: 7123-7141.

Liu, Y., L. Bai, K. Guo, et al. 2019. “Focused Ultrasound-Augmented
Targeting Delivery of Nanosonosensitizers From Homogenous Exosomes
for Enhanced Sonodynamic Cancer Therapy.” Theranostics 9, no. 18:
5261-5281.

Lopez de Las Hazas, M. C., J. Tome-Carneiro, and L. Del Pozo-Acebo,
et al. 2023. “Therapeutic Potential of Plant-Derived Extracellular Vesicles
as Nanocarriers for Exogenous miRNAs.” Pharmacological Research 198:
106999.

Ma, S., L. Song, Y. Bai, et al. 2023. “Improved Intracellular Delivery of
Exosomes by Surface Modification With Fluorinated Peptide Dendrimers
for Promoting Angiogenesis and Migration of HUVECs.” RSC Advances
13, no. 17: 11269-11277.

Martins, T. S., M. Vaz, and A. G. Henriques. 2023. “A Review on
Comparative Studies Addressing Exosome Isolation Methods From Body
Fluids.” Analytical and Bioanalytical Chemistry 415, no. 7: 1239-1263.

Martins-Marques, T., M. J. Pinho, M. Zuzarte, et al. 2016. “Presence
of Cx43 in Extracellular Vesicles Reduces the Cardiotoxicity of the
Anti-Tumour Therapeutic Approach With Doxorubicin.” Journal of
Extracellular Vesicles 5: 32538.

Mateescu, B., E. J. Kowal, B. W. van Balkom, et al. 2017. “Obstacles and
Opportunities in the Functional Analysis of Extracellular Vesicle RNA—
An ISEV Position Paper.” Journal of Extracellular Vesicles 6, no. 1: 1286095.

Matsuda, A., A. Moirangthem, R. S. Angom, et al. 2020. “Safety of
Bovine Milk Derived Extracellular Vesicles Used for Delivery of RNA
Therapeutics in Zebrafish and Mice.” Journal of Applied Toxicology 40,
no. 5: 706-718.

Meng, W., C. He, Y. Hao, L. Wang, L. Li, and G. Zhu. 2020. “Prospects
and Challenges of Extracellular Vesicle-Based Drug Delivery System:
Considering Cell Source.” Drug Delivery 27, no. 1: 585-598.

Momen-Heravi, F., S. Bala, T. Bukong, and G. Szabo. 2014. “Exosome-
Mediated Delivery of Functionally Active miRNA-155 Inhibitor to
Macrophages.” Nanomedicine 10, no. 7: 1517-1527.

Mu, Y., X. Zhang, L. Zhang, R. Luo, Y. Zhang, and M. Wang. 2024. “MSC
Exosomes Containing Valproic Acid Promote Wound Healing by Mod-
ulating Inflammation and Angiogenesis.” Molecules (Basel, Switzerland)
29, no. 17: 4281.

Munagala, R., F. Aqil, J. Jeyabalan, et al. 2017. “Exosomal Formulation
of Anthocyanidins Against Multiple Cancer Types.” Cancer Letters 393:
94-102.

Munagala, R., F. Aqil, J. Jeyabalan, and R. C. Gupta. 2016. “Bovine Milk-
Derived Exosomes for Drug Delivery.” Cancer Letters 371, no. 1: 48-61.

Nakai, W., T. Yoshida, D. Diez, et al. 2016. “A Novel Affinity-Based Method
for the Isolation of Highly Purified Extracellular Vesicles.” Scientific
Reports 6: 33935.

Naseri, Z., R. K. Oskuee, M. Forouzandeh-Moghadam, and M. R. Jaafari.
2020. “Delivery of LNA-antimiR-142-3p by Mesenchymal Stem Cells-
Derived Exosomes to Breast Cancer Stem Cells Reduces Tumorigenicity.”
Stem Cell Reviews and Reports 16, no. 3: 541-556.

O’Loughlin, A. J., I. Mager, O. G. de Jong, et al. 2017. “Functional Delivery
of Lipid-Conjugated siRNA by Extracellular Vesicles.” Molecular Therapy
25, no. 7: 1580-1587.

Pan, W. Y., P. W. Weng, S. H. Wu, et al. 2025. “Intranasal Deliv-
ery of Epigallocatechin Gallate-Laden Platelet Extracellular Vesicles
for Mitigating Retinal Glaucoma.” Journal of Controlled Release 381:
113596.

Peng, B., T. M. Nguyen, M. K. Jayasinghe, et al. 2022. “Robust Deliv-
ery of RIG-I Agonists Using Extracellular Vesicles for Anti-Cancer
Immunotherapy.” Journal of Extracellular Vesicles 11, no. 4: €12187.

Pomatto, M. A. C., B. Bussolati, S. D’Antico, et al. 2019. “Improved Load-
ing of Plasma-Derived Extracellular Vesicles to Encapsulate Antitumor
miRNASs.” Molecular Therapy - Methods and Clinical Development 13:
133-144.

Qiao, L., S. Hu, K. Huang, et al. 2020. “Tumor Cell-Derived Exosomes
Home to Their Cells of Origin and Can be Used as Trojan Horses to Deliver
Cancer Drugs.” Theranostics 10, no. 8: 3474-3487.

Qu, M., Q. Lin, L. Huang, et al. 2018. “Dopamine-Loaded Blood Exosomes
Targeted to Brain for Better Treatment of Parkinson’s Disease.” Journal of
Controlled Release 287: 156-166.

Ran, N., W. Li, R. Zhang, et al. 2023. “Autologous Exosome Facilitates Load
and Target Delivery of Bioactive Peptides to Repair Spinal Cord Injury.”
Bioactive Materials 25: 766-732.

Rankin-Turner, S., P. Vader, L. O’'Driscoll, B. Giebel, L. M. Heaney,
and O. G. Davies. 2021. “A Call for the Standardised Reporting of
Factors Affecting the Exogenous Loading of Extracellular Vesicles
With Therapeutic Cargos.” Advanced Drug Delivery Reviews 173: 479-
491.

Ren, X., Y. Zhao, F. Xue, et al. 2019. “Exosomal DNA Aptamer Targeting
Alpha-Synuclein Aggregates Reduced Neuropathological Deficits in a
Mouse Parkinson’s Disease Model.” Molecular Therapy Nucleic Acids 17:
726-740.

Ruysschaert, T., A. Marque, J. L. Duteyrat, S. Lesieur, M. Winterhalter,
and D. Fournier. 2005. “Liposome Retention in Size Exclusion Chro-
matography.” BMC Biotechnology 5: 11.

Saari, H., E. Lazaro-Ibanez, T. Viitala, E. Vuorimaa-Laukkanen, P.
Siljander, and M. Yliperttula. 2015. “Microvesicle- and Exosome-Mediated
Drug Delivery Enhances the Cytotoxicity of Paclitaxel in Autologous
Prostate Cancer Cells.” Journal of Controlled Release 220, no. Pt B: 727-737.

Sadeghi, S., F. R. Tehrani, S. Tahmasebi, A. Shafiee, and S. M. Hashemi.
2023. “Exosome Engineering in Cell Therapy and Drug Delivery.”
Inflammopharmacology 31, no. 1: 145-169.

Salarpour, S., H. Forootanfar, M. Pournamdari, M. Ahmadi-Zeidabadi,
M. Esmaeeli, and A. Pardakhty. 2019. “Paclitaxel Incorporated Exosomes
Derived From Glioblastoma Cells: Comparative Study of Two Loading
Techniques.” Daru 27, no. 2: 533-539.

Schindler, C., A. Collinson, C. Matthews, et al. 2019. “Exosomal Delivery
of Doxorubicin Enables Rapid Cell Entry and Enhanced in Vitro Potency.”
PLOS ONE 14, no. 3: €0214545.

Shtam, T. A., R. A. Kovalev, E. Y. Varfolomeeva, E. M. Makarov, Y. V. Kil,
and M. V. Filatov. 2013. “Exosomes Are Natural Carriers of Exogenous
siRNA to human Cells in Vitro.” Cell Communication and Signaling 11:
88.

18 of 20

Journal of Extracellular Vesicles, 2025

85UB017 SUOWIWOD BA11E8.10) 8|t [dde 8y} Aq pausenob ake Sap1e O ‘8sN JO S9INJ 10} ARIq1T 8ULUO AB|IAN LD (SUONIPUOD-PUR-SLLIBY WD A8 M Ale.q)1 Ul |UO//:Sty) SUORIPUOD pue SWs | 841 89S *[5202/90/2T] uo Arlqiauliuo (1M ‘ureAno 8@ anbijoyed alsieAIUN Ad 26002 2/8/Z00T OT/I0p/w00" A8 1M AReIq 1 puljuo'S [eUINo [Ass1//:sdny woiy pepeoiumod ‘9 ‘520z ‘8L0ET00Z



Sidhom, K., P. O. Obi, and A. Saleem. 2020. “A Review of Exosomal
Isolation Methods: Is Size Exclusion Chromatography the Best Option?”
International Journal of Molecular Sciences 21, no. 18:.

Song, L. L., Y. P. Tang, Y. Q. Qu, et al. 2025. “Exosomal Delivery of
Rapamycin Modulates Blood-brain Barrier Penetration and VEGF Axis
in Glioblastoma.” Journal of Controlled Release 381: 113605.

Stec, A., M. Targonska, S. Jaikishan, et al. 2025. “Incorporation of
Doxorubicin Into Plant-Derived Nanovesicles: Process Monitoring and
Activity Assessment.” Drug Delivery 32, no. 1: 2439272.

Strohle, G., J. Gan, and H. Li. 2022. “Affinity-Based Isolation of Extra-
cellular Vesicles and the Effects on Downstream Molecular Analysis.”
Analytical and Bioanalytical Chemistry 414, no. 24: 7051-7067.

Sun, D., X. Zhuang, X. Xiang, et al. 2010. “A Novel Nanoparticle
Drug Delivery System: The Anti-Inflammatory Activity of Curcumin Is
Enhanced When Encapsulated in Exosomes.” Molecular Therapy 18, no.
9:1606-1614.

Sun, L., and J. Du. 2012. “Revisiting the Time for Removing the Unloaded
Drug by Dialysis Method Based on a Biocompatible and Biodegradable
Polymer Vesicle.” Polymer 53, no. 10: 2068-2073.

Sun, W., P. Zhao, Y. Zhou, et al. 2020. “Ultrasound Targeted Microbub-
ble Destruction Assisted Exosomal Delivery of miR-21 Protects the
Heart From Chemotherapy Associated Cardiotoxicity.” Biochemical and
Biophysical Research Communications 532, no. 1: 60-67.

Sutaria, D. S., M. Badawi, M. A. Phelps, and T. D. Schmittgen. 2017.
“Achieving the Promise of Therapeutic Extracellular Vesicles: The Devil
Is in Details of Therapeutic Loading.” Pharmaceutical Research 34, no. 5:
1053-1066.

Tang, H., F. Wang, R. Yang, et al. 2025. “Baricitinib-Loaded EVs
Promote Alopecia Areata Mouse Hair Regrowth by Reducing JAK-STAT-
Mediated Inflammation and Promoting Hair Follicle Regeneration.” Drug
Discoveries and Therapeutics 18, no. 6: 368-374.

Tang, Y. T., Y. Y. Huang, L. Zheng, et al. 2017. “Comparison of Isolation
Methods of Exosomes and Exosomal RNA From Cell Culture Medium
and Serum.” International Journal of Molecular Medicine 40, no. 3: 834-
844.

Tao, H., H. Xu, L. Zuo, et al. 2020. “Exosomes-Coated Bcl-2 siRNA Inhibits
the Growth of Digestive System Tumors Both In Vitro and In Vivo.”
International Journal of Biological Macromolecules 161: 470-480.

Tian, T., H. X. Zhang, C. P. He, et al. 2018. “Surface Functionalized
Exosomes as Targeted Drug Delivery Vehicles for Cerebral Ischemia
Therapy.” Biomaterials 150: 137-149.

Tian, Y., S. Li, J. Song, et al. 2014. “A Doxorubicin Delivery Platform Using
Engineered Natural Membrane Vesicle Exosomes for Targeted Tumor
Therapy.” Biomaterials 35, no. 7: 2383-2390.

Toffoli, G., M. Hadla, G. Corona, et al. 2015. “Exosomal Doxorubicin
Reduces the Cardiactoxicity of Doxorubicin.” Nanomedicine 10, no. 19:
2963-2971.

Tran, P. H. L., T. Wang, W. Yin, et al. 2019. “Development of a Nanoamor-
phous Exosomal Delivery System as an Effective Biological Platform for
Improved Encapsulation of Hydrophobic Drugs.” International Journal of
Pharmaceutics 566: 697-707.

Usman, W. M., T. C. Pham, Y. Y. Kwok, et al. 2018. “Efficient RNA
Drug Delivery Using Red Blood Cell Extracellular Vesicles.” Nature
Communications 9, no. 1: 2359.

Vergauwen, G., B. Dhondst, J. Van Deun, et al. 2017. “Confounding Factors
of Ultrafiltration and Protein Analysis in Extracellular Vesicle Research.”
Scientific Reports 7, no. 1: 2704.

Villata, S., M. Canta, and V. Cauda. 2020. “EVs and Bioengineering: From
Cellular Products to Engineered Nanomachines.” International Journal of
Molecular Sciences 21, no. 17: 6048.

Wan, Y., L. Wang, C. Zhu, et al. 2018. “Aptamer-Conjugated Extracellular
Nanovesicles for Targeted Drug Delivery.” Cancer Research 78, no. 3: 798—-
808.

Wang, J., D. Chen, and E. A. Ho. 2021. “Challenges in the Development
and Establishment of Exosome-Based Drug Delivery Systems.” Journal of
Controlled Release 329: 894-906.

Wang, P., H. Wang, Q. Huang, et al. 2019. “Exosomes From M1-Polarized
Macrophages Enhance Paclitaxel Antitumor Activity by Activating
Macrophages-Mediated Inflammation.” Theranostics 9, no. 6: 1714-1727.

Wang, Y., X. Chen, B. Tian, et al. 2017. “Nucleolin-Targeted Extracellular
Vesicles as a Versatile Platform for Biologics Delivery to Breast Cancer.”
Theranostics 7, no. 5: 1360-1372.

Welsh, J. A., D. C. I. Goberdhan, and L. O’Driscoll, et al. 2024. “Minimal
Information for Studies of Extracellular Vesicles (MISEV2023): From
Basic to Advanced Approaches.” Journal of Extracellular Vesicles 13, no.
2: e12404.

Wiklander, O. P. B., M. A. Brennan, J. Lotvall, X. O. Breakefield, and S. El
Andaloussi. 2019. “Advances in Therapeutic Applications of Extracellular
Vesicles.” Science Translational Medicine 11, no. 492: eaav8521.

Xu, L., F. N. Faruqu, and Y. M. Lim, et al. 2021. “Exosome-Mediated RNAi
of PAK4 Prolongs Survival of Pancreatic Cancer Mouse Model After Loco-
Regional Treatment.” Biomaterials 264: 120369.

Xu, W. M., A. Li, J. J. Chen, and E. J. Sun. 2023. “Research Development
on Exosome Separation Technology.” Journal of Membrane Biology 256,
no. 1: 25-34.

Yan, C., J. Chen, C. Wang, et al. 2022. “Milk Exosomes-Mediated miR-
31-5p Delivery Accelerates Diabetic Wound Healing Through Promoting
Angiogenesis.” Drug Delivery 29, no. 1: 214-228.

Yang, J., X. Zhang, X. Chen, L. Wang, and G. Yang. 2017. “Exosome
Mediated Delivery of miR-124 Promotes Neurogenesis After Ischemia.”
Molecular Therapy Nucleic Acids 7: 278-287.

Yang, T., P. Martin, B. Fogarty, et al. 2015. “Exosome Delivered Anticancer
Drugs Across the Blood-Brain Barrier for Brain Cancer Therapy in Danio
rerio.” Pharmaceutical Research 32, no. 6: 2003-2014.

Yang, X., G. Shi, J. Guo, C. Wang, and Y. He. 2018. “Exosome-
Encapsulated Antibiotic Against Intracellular Infections of Methicillin-
Resistant Staphylococcus aureus.” International Journal of Nanomedicine
13: 8095-8104.

Yu, M, C. Gai, Z. Li, et al. 2019. “Targeted Exosome-Encapsulated Erastin
Induced Ferroptosis in Triple Negative Breast Cancer Cells.” Cancer
Science 110, no. 10: 3173-3182.

Yuan, S., Q. Li, C. He, et al. 2024. “Anti-BCMA-Engineered Exosomes for
Bortezomib-Targeted Delivery in Multiple Myeloma.” Blood Advances 8,
no. 18: 4886-4899.

Zhang, H.,J. Wu, J. Wu, et al. 2019. “Exosome-Mediated Targeted Delivery
of miR-210 for Angiogenic Therapy After Cerebral Ischemia in Mice.”
Journal of Nanobiotechnology 17, no. 1: 29.

Zhang, W., Z. L. Yu, M. Wu, et al. 2017. “Magnetic and Folate Func-
tionalization Enables Rapid Isolation and Enhanced Tumor-Targeting of
Cell-Derived Microvesicles.” ACS Nano 11, no. 1: 277-290.

Zhang, Z., X. Luo, X. Xue, et al. 2024. “Engineered Exosomes Carrying
miR-588 for Treatment of Triple Negative Breast Cancer Through Remod-
eling the Immunosuppressive Microenvironment.” International Journal
of Nanomedicine 19: 743-758.

Zhao, L., C. Gu, Y. Gan, L. Shao, H. Chen, and H. Zhu. 2020. “Exosome-
Mediated siRNA Delivery to Suppress Postoperative Breast Cancer
Metastasis.” Journal of Controlled Release 318: 1-15.

Zhao, M., Q. Li, Y. Chai, et al. 2025. “An Anti-CD19-Exosome Delivery Sys-
tem Navigates the Blood-Brain Barrier for Targeting of Central Nervous
System Lymphoma.” Journal of Nanobiotechnology 23, no. 1: 173.

19 of 20

85UB017 SUOWIWOD BA11E8.10) 8|t [dde 8y} Aq pausenob ake Sap1e O ‘8sN JO S9INJ 10} ARIq1T 8ULUO AB|IAN LD (SUONIPUOD-PUR-SLLIBY WD A8 M Ale.q)1 Ul |UO//:Sty) SUORIPUOD pue SWs | 841 89S *[5202/90/2T] uo Arlqiauliuo (1M ‘ureAno 8@ anbijoyed alsieAIUN Ad 26002 2/8/Z00T OT/I0p/w00" A8 1M AReIq 1 puljuo'S [eUINo [Ass1//:sdny woiy pepeoiumod ‘9 ‘520z ‘8L0ET00Z



Zhao, X., P. Ge, S. Lei, et al. 2023. “An Exosome-Based Therapeutic
Strategy Targeting Neuroinflammation in Alzheimer’s Disease With
Berberine and Palmatine.” Drug Design, Development and Therapy 17:
2401-2420.

Zhao, Y., Y. Zheng, Y. Zhu, Y. Zhang, H. Zhu, and T. Liu. 2021.
“M1 Macrophage-Derived Exosomes Loaded With Gemcitabine and
Deferasirox Against Chemoresistant Pancreatic Cancer.” Pharmaceutics
13, no. 9.

Zhu, Q., X. Ling, Y. Yang, et al. 2019. “Embryonic Stem Cells-Derived
Exosomes Endowed With Targeting Properties as Chemotherapeutics
Delivery Vehicles for Glioblastoma Therapy.” Advanced Science (Weinh)
6, no. 6: 1801899.

Zhuang, X., X. Xiang, W. Grizzle, et al. 2011. “Treatment of Brain
Inflammatory Diseases by Delivering Exosome Encapsulated Anti-
Inflammatory Drugs From the Nasal Region to the Brain.” Molecular
Therapy 19, no. 10: 1769-1779.

Zou, X., M. Yuan, T. Zhang, et al. 2019. “Extracellular Vesicles Expressing a
Single-Chain Variable Fragment of an HIV-1 Specific Antibody Selectively
Target Env(+) Tissues.” Theranostics 9, no. 19: 5657-5671.

20 of 20

Journal of Extracellular Vesicles, 2025

85UB017 SUOWIWOD BA11E8.10) 8|t [dde 8y} Aq pausenob ake Sap1e O ‘8sN JO S9INJ 10} ARIq1T 8ULUO AB|IAN LD (SUONIPUOD-PUR-SLLIBY WD A8 M Ale.q)1 Ul |UO//:Sty) SUORIPUOD pue SWs | 841 89S *[5202/90/2T] uo Arlqiauliuo (1M ‘ureAno 8@ anbijoyed alsieAIUN Ad 26002 2/8/Z00T OT/I0p/w00" A8 1M AReIq 1 puljuo'S [eUINo [Ass1//:sdny woiy pepeoiumod ‘9 ‘520z ‘8L0ET00Z



	Methods and Challenges in Purifying Drug-Loaded Extracellular Vesicles
	1 | Introduction
	2 | The Critical Importance of Purifying Drug-Loaded EV for Drug Delivery Applications
	3 | Methods Available for the Separation of Drug-Loaded EV From Unloaded Drugs
	3.1 | Ultracentrifugation
	3.2 | Density Gradient Centrifugation
	3.3 | Ultrafiltration
	3.4 | SEC
	3.5 | Dialysis
	3.6 | Commercial Exosome Isolation Kits
	3.7 | Degradation by Nucleases

	4 | Parameters to Consider When Choosing a Purification Method
	4.1 | EV Recovery
	4.2 | EV Purity
	4.3 | Loading Methods
	4.4 | Nature of the Loaded Molecule
	4.5 | Technical Aspects

	5 | How Can the Purification Process be Improved?
	5.1 | Comparison of Different Purification Methods to Determine the Optimal Compromise for Each Specific Application
	5.2 | Combination of Different Purification Methods
	5.3 | Enhance the Selectivity by Using an Affinity-Based Method
	5.4 | Adherence to Guidelines

	6 | Conclusion
	Author Contributions
	Conflicts of Interest
	Data Availability Statement

	References


