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biomarkers, therapeutics or drug delivery systems [1]. Their 
low immunogenicity, biocompatibility, and ability to cross 
biological barriers make them particularly attractive for 
nanomedicine development [2]. Moreover, the loading of 
therapeutic molecules into EV has been shown to enhance 

Introduction

Extracellular vesicles (EV), including exosomes, are bio-
logical nanoparticles secreted by most cell types. EV have 
gained considerable scientific interest due to their potential 
for diverse biomedical applications, including diagnostic 
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Abstract
Extracellular Vesicles (EV) have received considerable attention as drug delivery systems. Research into the loading of 
various exogenous cargoes in EV has been expanding in recent years. While bioactive lipids are a class of highly interest-
ing molecules, their loading in EV remains much less explored. Here, EV isolated from a microglial cell line were loaded 
with the endocannabinoid anandamide (AEA), using different approaches: passive incubation, sonication and permeabi-
lization by saponin. The addition of saponin increased the amount of AEA detected in the EV suspension, as compared 
to passive incubation or sonication. However, our subsequent observations demonstrated that the higher quantity of AEA 
measured when using saponin was due to AEA solubilization into saponin micelles. The elimination of residual saponin 
differs according to the purification method used. Here, ultrafiltration (UF) did not eliminate saponin micelles, leading 
to a co-isolation of AEA-loaded EV and AEA-loaded micelles. In addition to AEA quantification by UPLC-MS/MS, we 
applied the generalized polarization (GP) value of Laurdan to study the impact of AEA incubation on the EV membrane. 
Our data show that AEA increased EV membrane fluidity, supporting AEA insertion into the membrane of the EV. More 
generally, this work raises awareness about the use of saponin as a permeabilizer for bioactive lipids encapsulation in EV.
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drug stability, bioavailability, and delivery to specific target 
cells or tissues [3].

Several strategies have been explored to load drugs into 
EV. The most straightforward method involves co-incubat-
ing the drug with EV. However, the efficiency of this passive 
method strongly depends on the ability of the molecules to 
interact with or cross the EV membranes and can be lim-
ited [4]. To overcome low loading efficiency, active loading 
methods have thus been used as an alternative. These involve 
a transient disruption of the EV membrane to facilitate the 
incorporation of molecules either into the EV lumen or 
within its lipid bilayer. Physical techniques like sonication, 
extrusion or electroporation, as well as chemical techniques 
using surfactants, have been used to load various molecules 
in EV [2, 5]. The most well-known biosurfactant for this 
purpose is saponin, an amphiphilic glycoside composed of 
sapogenin and one or more oligosaccharide moieties. Sapo-
nin permeabilizes the lipid membrane by forming pores in 
the EV membrane [5, 6]. While other synthetic surfactants 
such as Triton X-100, Tween 80, or Lipofectamine can 
theoretically enhance membrane permeability, they are fre-
quently associated with substantial disruption of membrane 
integrity and reduced biocompatibility. In contrast, saponin 
appears to provide a more favorable profile, enabling tran-
sient membrane permeabilization while preserving EV mor-
phology and surface marker expression [7].

While various active loading strategies have been 
developed, most efforts have concentrated on hydrophilic 
molecules such as nucleic acids, proteins/peptides, and 
chemotherapeutic agents, and very few have explored the 
loading of bioactive lipids [8]. Bioactive lipids such as 
endocannabinoids are key signaling mediators involved in 
many physiological and pathological processes. Alterations 
in their levels have been found in many diseases (e.g., neu-
roinflammatory diseases and metabolic diseases), suggest-
ing a potential therapeutic interest in this class of molecules 
[9–12]. This is further supported by studies from our group 
and others, showing that administration of bioactive lipids 
can have beneficial effects [13–15]. However, direct admin-
istration of endocannabinoids can be hampered by their 
unfavorable properties, such as sensitivity to enzymatic 
hydrolysis and limited aqueous solubility [16]. We hypoth-
esized that bioactive lipids loading into EV could overcome 
limitations associated with their administration in the free 
form [17]. Among bioactive lipids, anandamide (AEA) 
is particularly representative of these limitations and was 
therefore selected to investigate the loading of this class of 
compounds into EV.

In this context, the first objective of this work was to 
investigate the loading of AEA into EV. We used EV iso-
lated from microglia cells because they produce abundant 
EV per cell and play an important role in neuroinflammatory 

disorders, including multiple sclerosis [18]. Our data con-
firmed the technical challenge of loading therapeutic doses 
of AEA into EV. The second challenge was the isolation of 
AEA-loaded EV from saponin and unloaded AEA, a step 
complicated by the formation of saponin micelles, which 
hindered the purification process. Finally, we developed 
a method based on Laurdan fluorescence and generalized 
polarization (GP) measurements to evaluate how the incor-
poration of AEA affects EV membrane fluidity.

Materials and methods

Materials

Anandamide (N-arachidonoylethanolamine, A0580) was 
purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Saponin (558255) was purchased from Calbiochem (KGaA, 
Darmstadt, Allemagne). Laurdan and Prestoblue Cell Via-
bility Reagent (A13261) were purchased from Thermo 
Fisher Scientific (Waltham, MA, USA). DMEM (Dul-
becco’s modified Eagle medium, GlutaMAX, 61965-026), 
Penicillin-Streptomycin 10,000 U/ml (15140-122), accutase 
and the BCA protein assay kit (23225) were purchased from 
Thermo Fisher Scientific (Waltham, MA, USA). Vivaspin6, 
Centricon70-Plus and Amicon Ultra-0.5 were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). The size exclu-
sion chromatography (SEC) columns were supplied by Izon 
(Lyon, France). Rotilabo ® PVDF (polyvinylidene fluoride) 
0.22 μm filters were purchased from Carl Roth GmbH (Karl-
sruhe, Germany). RIPA buffer (ab156034) was purchased 
from Abcam (Cambridge, UK). Leammli buffer (1610747), 
10X Tris/Glycine Buffer (1610771), Any kD Mini-PRO-
TEAN TGX Precast Protein Gels 10-well (4569034) and 
Trans-blot Turbo Mini 0.2 μm PVDF membrane (1704156) 
were purchased from Bio-Rad (Hercules, USA). Anti-CD81 
(10037) and anti-rabbit IgG HRP-linked antibodies (7074) 
come from cell signaling Technology (Danvers, USA) and 
anti-calnexin (ADI-SPA-860) comes from Enzo (NY, USA).

Cell culture

BV2 cells (murine microglial cell line) were routinely 
cultured at 37  °C in a humidified 5% CO2 atmosphere in 
DMEM, supplemented with 1% (v/v) Penicillin-Streptomy-
cin and 10% (v/v) fetal bovine serum (FBS). The medium 
was replaced 3 times a week.

Production and isolation of EV

EV were isolated following a combination of different 
methods [19]. When BV2 cells reached 80% of confluency 
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their medium was changed to FBS-free DMEM medium, 
supplemented with 1% (v/v) Penicillin-Streptomycin [20]. 
Then, after 24 h, the medium was collected and successively 
centrifuged at 300*g for 10 min, 1000*g for 20 min, and 
10 000*g for 30 min at 4 °C, to remove cells, dead cells, 
and cellular debris, respectively. Subsequently, the medium 
was filtered through a 0.22  μm hydrophilic membrane 
PVDF (polyvinylidene fluoride) filter (Rotilabo,33  mm) 
and transferred to a Centricon Plus-70 (regenerated cellu-
lose, NMWL 30,000 Da, UFC703008) and centrifuged at 
3000*g for 20 min at 4 °C. The Centricon cup was washed 
twice with filtered phosphate buffer solution (PBS). Then, 
EV were collected by centrifugation of the inverted cup at 
1000*g for 2 min as per supplier’s instructions. The volume 
was adjusted to reach 500 µl and the solution was loaded 
on a Size Exclusion Chromatography (SEC) qEV original 
35 nm. Filtered PBS was used as eluent, and EV were col-
lected in fractions 7–11 and pooled.

EV characterization

NTA (nanoparticles tracking analysis). Particle concen-
tration and size distribution of EV from BV2 were char-
acterized by NTA (ZetaView Particle Metrix, Inning am 
Ammersee, Germany).

Protein quantification. EV protein quantification was 
carried out using BCA protein assay kit, as per the manufac-
turer’s instructions. Briefly, EV were isolated as described 
in 2.3 and 100 µl of each fraction collected from the SEC 
were mixed with the BCA reagent before being incubated for 
30 min at 37 °C. The absorbance was measured at 562 nm 
using a spectrophotometer (SpectraMax iD5, Molecular 
Devices).

Western blot. The protein content of the samples was 
measured using a BCA Protein assay kit according to the 
manufacturer’s protocol. SDS-PAGE western blotting 
was performed as follows. Leammli buffer was added to 
the EV samples in a volume ratio of 1:4 and the samples 
were heated at 95  °C for 3  min in a water bath. Proteins 
(9 µg) were loaded in the wells of a 4–20% precast poly-
acrylamide gel. After electrophoresis (in Tris/Glycine Buf-
fer, 120 V), proteins were electrotransferred onto a PVDF 
membrane using a Trans-Blot TurboTM transfer system. 
Membranes were blocked in a 5% BSA TBS buffer (150 
mM NaCl, 20 mM Tris) containing 0.1% Tween-20 (TBST) 
for one hour. Anti-CD81 (dilution: 1/500) and anti-calnexin 
(dilution: 1/1000, 1%-milk TBST) primary antibodies 
were incubated overnight at 4 °C and anti-rabbit (dilution: 
1/5000, 1%-BSA TBST) secondary antibody was incubated 
for one hour at room temperature under slow agitation. 
Membranes were exposed to ECLTM Prime Western Blot-
ting detection reagents (Cytiva, RPN2232) for 5  min and 

chemoluminescence was visualized using an Amersham 
ImageQuant 800 western blot imaging system (Cytiva, Chi-
cago, USA).

NanoFCM (nano-flow cytometry). Nano-flow cytometry 
was performed using the Flow NanoAnalyzer (NanoFCM, 
UK) following the manufacturer’s guidelines. Calibration 
was carried out with 200  nm PS QC beads (NanoFCM, 
UK) for particle concentration and S16M-Exo silica beads 
(NanoFCM, UK) to generate a calibration curve for con-
verting side scatter intensities into particle sizes. The laser 
configuration included 488 nm and 640 nm lasers at 20 mW, 
equipped with lens filters at 525/40 and 670/30. For staining, 
Alexa Fluor® 647-conjugated monoclonal mouse antibod-
ies specific to CD63, CD9, and CD81 (Santa Cruz Bio-
technology, USA) were used, along with isotype controls. 
Antibodies were prepared by centrifugation at 10 000*g for 
15 min or filtered through a 0.22 μm syringe filter. Stain-
ing was conducted overnight at 4 °C at a 1:10 ratio. Before 
measurement, labeled vesicles were diluted either 1:50 or 
1:20. Positivity was determined using PBS alone, unstained 
vesicles, isotype controls, and auto-thresholding. The sam-
ples were adjusted to 5 × 10⁹ particles/mL for optimal EV 
staining. Blank controls consisted of PBS and antibodies 
diluted 100-fold in PBS. To distinguish positive events from 
background noise in the fluorescence channel, signals from 
unstained EV and EV with isotype controls were used. Data 
analysis was performed using NF Profession 1.0 software.

TEM (Transmission Electron Microscopy). To observe 
EV using TEM, samples underwent a negative staining 
procedure. A 4 µL aliquot of isolated EV was placed onto 
copper grids F/C (300 mesh) and left to incubate at room 
temperature for 5 min. Excess liquid was blotted away with 
filter paper before staining with 1% uranyl acetate for 20 s 
at room temperature. After removing the excess stain, the 
samples were dried and examined with an HT 7700 120 kV 
(Hitachi, Japan) microscope.

Loading of EV with AEA

EV isolated from BV2 cells (9.109 particles in 1 ml of fil-
tered PBS) were loaded with AEA according to different 
approaches reported in the literature [21–23]. AEA was dis-
solved in ethanol 99% to obtain a 1 mg/ml stock solution.

Passive incubation. 460 µl of EV were incubated with 
4 µl of the AEA stock solution at RT (20 ± 2 °C in our work-
ing environment) or 37 °C for 30 or 120 min under agitation 
(10 rpm).

Saponin-assisted loading. 460 µl of EV were incubated 
at RT for 30 min under agitation (10 rpm) with 4 µl of the 
AEA stock solution and with saponin diluted at different 
concentrations (in water, 0.05%, 0.1%, and 0.2% (w/v)).
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and analyzed using a Xevo-TQS mass spectrometer (from 
Waters). The samples were separated on a BEH LC-18 col-
umn (50*2.1, 1.7 μm; Waters) at a temperature of 40  °C. 
The mobile phase consisted in a gradient between A: water 
– methanol (25:75, v/v) and B: methanol 100%, both con-
taining acetic acid (0.1%). An ESI probe operated in positive 
mode was used for sample ionization. The mass spectrom-
eter parameters were following: capillary voltage: 2.9 kV; 
cone voltage : 30 V ; desolvation temperature : 550  °C ; 
desolvation gas flow : 1100 L/Hr : cone gas flow : 170 L/Hr : 
nebuliser : 6 bar. The transitions followed were 348.2 > 61.9 
and 352.2 > 65.9 for AEA and d4-AEA, respectively. Rela-
tive quantification has been obtained by normalization of 
the area under the curve (AUC) of the AEA using the AUC 
of d4-AEA.

Determination of GP value in EV and micelles by 
using Laurdan

The effect of AEA on the EV membrane fluidity was deter-
mined by monitoring the values of generalized polarization 
(GP) of Laurdan [26]. In preliminary studies, 200 µl of EV 
(2.1010 particles per ml) were incubated with benzyl alco-
hol (final concentration of 0.34% (v/v) or 1.36% (v/v)) and 
a 10 µM Laurdan solution for 60  min under shaking. To 
explore the effect of AEA and saponin, 200 µl of EV (2.1010 
particles per ml) were incubated with 4  µl of AEA stock 
solution and/or saponin solution (final concentration of 
0.2%) at RT for 30 min under shaking, before Laurdan addi-
tion (final concentration of 10 µM). The samples were then 
vortexed and incubated at RT for 60 min. The fluorescence 
intensities were measured at RT with a spectrophotometer 
(SpectraMax iD5, Molecular Devices) using a fixed excita-
tion wavelength (λex) of 340 nm and an emission spectrum 
between 400 and 600 nm [27]. The GP value was calculated 
from this equation: GP= (I435−I485)

(I435+I485)  where I435 and I485 are 
the emitted fluorescence intensities measured at 435 and 
485 nm, respectively.

Statistics

Student’s t-tests and one-way ANOVA were performed 
using PRISM (Graphpad software, United-States) to deter-
mine statistical significance. N indicates the number of 
independent experiments and n the number of replicates. 
Information about replicates and statics applied for each 
experiment can be found in figure captions.

Sonication. 460 µl of EV and 4 µl of AEA stock solu-
tion were sonicated using an ultrasonic probe (Branson 450 
Digital Sonifier) with a 20% amplitude for 6 cycles; each 
cycle was 30s ON/OFF for 3 min followed by a 2 min cool-
ing period on ice [24].

Isolation of AEA-loaded EV

Two methods were used and compared to separate AEA-
loaded EV from saponin and unloaded AEA.

For passive incubation (at RT for 30 min), 460 µl of EV 
(9.109 particles per ml) were incubated with 4 µl of AEA 
stock solution at 1  mg/ml. For saponin-assisted loading, 
460 µl of EV (9.109 particles per ml) were incubated with 
4 µl of AEA stock solution and with saponin solution (final 
concentration of 0.2%), at RT for 30  min under agitation 
(10 rpm). A control condition without EV was also included.

Then the samples were processed by SEC or ultrafiltra-
tion (UF). For SEC (qEV Original 35 nm IZON column), 
500  µl of the sample was put on the top of the SEC and 
fractions 7 to 11 were collected by adding filtered PBS. For 
UF, Amicon Ultra-0.5 NMWL 30 kDa was used as per the 
manufacturer’s instructions. Briefly, samples were added to 
the filter cup of Amiconwashed twice with 400 µl of filtered 
PBS (i.e. total washing volume of 800 µl) by centrifugation 
at 3000*g for 10 min.

For each method, particle concentration, size distribu-
tion, and zeta potential were measured by NTA as described 
in 2.4.

Cytotoxicity on BV2 cells

The samples proceeded as described in 2.6 were diluted 
in medium (ratio 1:1) and incubated for 24  h with BV2 
cells. The media was then removed and replaced with fresh 
medium containing 10% of PrestoBlue® Cell Viability 
Reagent. After 1 h of incubation, the fluorescence intensities 
were measured at RT with a spectrophotometer (Spectra-
Max iD5, Molecular Devices) using an excitation wave-
length (λex) of 555 nm and an emission wavelength (λem) of 
595 nm. Untreated BV2 cells were used as the negative con-
trol (100% cell viability) and BV2 cells treated with Triton 
1% were used as the positive control (10.5% cell viability).

Quantification of AEA by UPLC-MS/MS

The AEA content of the EV was analyzed by UPLC-MS/
MS [25]. Briefly, lipids were extracted from the samples by 
a liquid/liquid extraction (using dichloromethane – metha-
nol – water; 4-2-1; v/v/v) in the presence of the deuterated 
internal standard (d4-AEA). Following evaporation of the 
solvents, the resulting fraction was solubilized in methanol 
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First, EV were isolated from BV2 cells by SEC (fractions 
7–11, Fig. 1A) and characterized to confirm the EV nature 
of the collected particles. The size distribution (Fig. 1B) and 
morphology (Fig. 1C) of the particles found in the polled 
SEC fractions confirmed the presence of EV. Western blot 
analysis showed that the EV fraction elicited a stronger sig-
nal for CD81 (a positive EV marker [28]) compared to the 
original cells, while the cellular protein marker calnexin was 
stronger in the cell lysate than in the EV fraction (Fig. 1D). 
Finally, single-particle analysis by NanoFCM revealed that 

Results

Comparison of different methods for AEA loading in 
EV

This experiment aimed to compare and select the method 
providing the highest loading of AEA in EV. Here we com-
pared passive (incubation) and active (physical and chemi-
cal) methods.

Fig. 1  Characterization of EV from BV2 cell line (A) SEC was loaded 
with 500 µl of EV. 30 fractions were collected and analyzed for par-
ticle concentration (green line) and for protein content (red line) by 
NTA and by BCA assay, respectively. (B) Size distribution of the SEC 
fraction 7–11 (EV) by NTA. (C) Representative transmission electron 

microscopy image of EV (scale bar: 500 nm). (D) Western blot analy-
sis of the SEC fraction 7–11 (EV) and of the producing cells (BV2) 
showing the detection of CD81 (an EV marker) and of the ER-protein 
calnexin. (E) Representative plots of single EV from BV2 expressing 
CD9, CD63, or CD81 (Tetraspanins; EV markers) by NanoFCM
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d4-AEA ratio) compared to the same condition without 
saponin (i.e. passive incubation at RT for 30  min). When 
compared to 30  min incubation at RT, sonication did not 
increase the amount of AEA detected in the EV suspension.

Isolation of AEA-loaded EV

Although the saponin-assisted method was the one pro-
viding the highest signal for AEA (reported here as ratio 
between AEA and the internal standard d4-AEA), saponin is 
cytotoxic, as confirmed here for BV2 cells at saponin con-
centrations ranging from 0.2 to 0.01% (Fig.  3), and thus, 
must be completely removed from the EV suspension after 
AEA loading [4, 6, 30].

Hence, we compared SEC and UF [31] to isolate AEA-
loaded EV and eliminate saponin from the AEA-loaded EV 
suspension. The impact of EV suspensions (i.e. fractions 
7–11 from SEC and concentrate after UF) on the viability 
of BV2 cells was assessed (Fig. 4B). When EV were incu-
bated with AEA (passive incubation), no significant differ-
ences were observed compared to the untreated BV2 cells 
(medium), regardless of the isolation method used. EV incu-
bated with AEA and saponin (saponin-assisted loading), and 
isolated using SEC, did not significantly decrease BV2 cell 
viability. In contrast, EV incubated with AEA and saponin, 
and processed by UF, dramatically dropped the BV2 cell 
viability to 9%. AEA incubated with saponin (in the absence 
of EV) was used as a negative control and cytotoxicity was 
observed after processing it on UF (11% cell viability), but 
not after SEC.

To further compare the different procedures, EV number 
and size, which inform on the potential loss of particles or 
their alteration, as well as the AEA content associated with 
EV were analyzed. When EV were incubated with AEA 
(passive incubation), the highest number of particles was 
observed after purification by SEC (Fig. 4D). In both isola-
tion methods, the addition of saponin did not significantly 
change the number of particles recovered. AEA incubated 
with saponin (in the absence of EV) was used as a negative 
control and no particles were expected to be detected in this 
condition. However, although to a lesser extent than in the 
presence of EV, particles were detected in this condition, 
regardless of the isolation method. The size of the particles 
collected was between 119 nm and 136 nm (Fig. 4C).

When analyzing the amount of AEA in the EV suspen-
sions (i.e. fractions 7–11 from SEC and concentrate from 
UF) by UPLC-MS/MS, we found that AEA levels were sig-
nificantly lower after SEC compared to UF (Fig. 4E). Con-
sistent with data presented above (Fig. 2), the AEA content 
increased in the presence of saponin 0.2% when using UF. 
AEA was detected in the negative control (i.e. AEA incu-
bated with saponin in the absence of EV) at the same ratio 

20.3% of EV measured were positive for CD9, 31.6% for 
CD63, and 12.7% for CD81 (Fig. 1E).

Next, we tested different approaches to load AEA into 
EV. First, we evaluated the impact of time (30 versus 
120  min) and temperature (RT versus 37  °C). Given the 
limited effectiveness of the co-incubation, we hypothesized 
that prolonged incubation time would allow more molecules 
to diffuse into the EV membrane. Additionally, higher tem-
peratures were expected to modify membrane fluidity and 
therefore enhance the rate of diffusion. Then, as saponin is 
largely used to increase EV drug loading [29, 30], we also 
tested the effect of increasing concentrations of saponin on 
the loading of AEA into EV. Finally, we assessed the effect 
of sonication, as this is the most popular physical method 
to load a drug into EV [24]. The EV suspensions were then 
ultra-filtrated to remove the unloaded AEA (and saponin 
when relevant), before quantifying the AEA associated with 
EV by UPLC-MS/MS.

The highest content of AEA in the EV suspension was 
found when AEA was incubated with EV in the presence 
of 0.2% saponin (Fig. 2). The effect of saponin was dose-
dependent, with only 0.1% and 0.2% of saponin resulting in 
a significantly higher amount of AEA (i.e. increased AEA/

Fig. 2  Impact of the loading method on AEA encapsulation in EV. For 
passive incubation, AEA was incubated with EV (4.109) at RT or 37°C 
for 30 or 120 min (blue bars). Alternatively, the incubation (RT, 30 
min) was performed in the presence of increasing concentrations of 
saponin, from 0.01% to 0.2% (orange bars), or incubation of AEA and 
EV was sonicated (green bar). AEA was then quantified by UPLC-MS/
MS in the presence of d4-AEA as IS. The signal detected for AEA was 
normalized with the signal of the IS and the data was reported as mean 
± SEM (N= 3, n=3). Statistical significance was determined by Dunn’s 
test *p≤ 0.5
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Impact of EV incubation with AEA and saponin on 
the EV membrane

Given the lipophilic properties of AEA, we hypothesized 
that the AEA associated with EV may have inserted into 
their membrane. To explore this possibility, the effect of 
AEA, as well as saponin, on EV membrane fluidity was 
studied using the fluorescent probe Laurdan [26, 33]. Varia-
tions in membrane fluidity, as reflected by changes in the 
GP value, would suggest a shift in the phase state of the 
membrane (from ordered to disordered state, or inversely), 
which could be attributed to the insertion of AEA into the 
EV membrane.

Although this method is routinely used for cells and syn-
thetic nanoparticles, it has not been widely used to study EV 
membrane properties [26, 34]. Therefore, our first objective 
was to optimize the experimental conditions for determin-
ing the GP of EV membrane. To validate the applicability 
of the Laurdan method to EV, we first determined GP val-
ues of EV at different temperatures. The GP values ranged 
between 0.04 and 0.08, and remained stable across the 
tested temperature range, suggesting that temperature does 
not significantly affect the Laurdan signal in EV membranes 
(Fig. 7A).

To further confirm the sensitivity of the method to varia-
tions in membrane fluidity, we incubated EV with a known 
biological membrane fluidizer, namely benzyl alcohol [35]. 
According to the literature, benzyl alcohol disrupts lipid 
packing and increases membrane fluidity over a broad con-
centration range. We tested two concentrations of benzyl 
alcohol (0.34% and 1.36%) and observed that even the lower 
concentration was sufficient to significantly decrease GP 
values, as expected from this membrane fluidizer (Fig. 7B).

as in the condition containing EV. Using UF, we observed 
that the particle count was lower when AEA was incubated 
with saponin alone compared to incubation with both EV 
and saponin. However, the amount of AEA remained similar 
in both conditions (Fig. 4D and E).

Co-isolation of saponin micelles with AEA-loaded EV

The detection of a significant amount of AEA in the pres-
ence of saponin, in the absence of EV, was striking. We 
hypothesized that saponin formed micelles (with the same 
size range as EV) in which AEA was encapsulated. Indeed, 
in aqueous solutions and at a concentration above the criti-
cal micellar concentration (CMC), saponin forms amphiphi-
lic aggregates called micelles. The CMC varies depending 
on the origin of the saponin, ranging from 0.001 to 0.077% 
(62). In this study, we used a commercially available sapo-
nin made of a mixture of saponins from various plants, so 
the theoretical CMC was unknown. The experimental CMC 
we determined by using Hoechst dye was equal to 0.043 ±  
0.004%, way below the concentration used in our experi-
ments (0.2%) (Fig. 5) [32].

When the concentration of the saponin in the solu-
tion increased, the number of particles detected by NTA 
increased too (Fig.  6A). Their size distribution was very 
heterogeneous, much more than for the EV suspension 
(data not shown). Moreover, particles detected in the sapo-
nin solutions had a similar size as EV isolated from BV2 
cells (Fig. 6B).

Fig. 3  Cells viability of BV2 incubated with different concentrations 
of saponin. BV2 cells (105 cells/well) were seeded in a 96-well plate 
overnight. Then, cells were incubated for 8  h (A) or 24  h (B) with 
saponin (from 0.001 to 0.2%), or with 1% Triton (used as positive 
control). A condition with medium only was used as a negative con-
trol. Afterward, cells were incubated for 1 h with the resazurin-based 

PrestoBlueTM reagent to assess cell viability. The mean fluorescence 
intensity (MFI, relative to the negative control) was measured at 
560/590 nm using a SpectraMax® ID5. The values were represented as 
mean ± SEM (N = 1, n = 4). One-way ANOVA, Tukey’s multiple com-
parison test among all groups. Conditions not linked with the same 
letter are statistically different (p < 0.0001)
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Fig. 4  Impact of the isolation method on cytotoxicity, size and particle 
number, and on AEA loading (A) EV were isolated from BV2 cells for 
loading (cfr 2.3):(1) cells/cell debris/dead cells were pelleted by cen-
trifugation(2)the EV suspension was concentrated by UF(3) EV were 
passed through SEC to remove contaminating proteins. AEA was incu-
bated with EV suspension (4.109 particles) in the absence or presence 
of saponin (final concentration of 0.2%). AEA was also incubated with 
saponin (final concentration of 0.2%) in the absence of EV. Following 
incubation (30  min, RT), EV were isolated by SEC or UF. Finally, 

fractions 7 to 11 (from SEC) and concentrate (from UF device) were 
collected, and (B) incubated with BV2 cells for 24 h to evaluate their 
cytotoxicity via PrestoBlueTM reagent. Fractions 7 to 11 and concen-
trate were also characterized. (C) The size and (D) the total number of 
particles was measured by NTA. (E) AEA was quantified by UPLC-
MS/MS in the presence of d4-AEA as IS. The signal detected for AEA 
was normalized with the signal of the IS. The values were reported as 
the mean ± SEM (N = 3, n = 3). Statistical significance was determined 
by a Kruskal-Wallis test
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decreased the GP value of EV in the presence of saponin, 
but to a lesser extent than in EV alone.

Discussion

An increasing number of studies, including from our lab, 
support the therapeutic potential of bioactive lipids, particu-
larly in the context of inflammatory diseases [36]. Unfortu-
nately, unfavorable physicochemical properties and/or poor 
enzymatic stability hinder their administration in free form. 
These limitations may be overcome by encapsulating bioac-
tive lipids into nanoparticles [37]. In recent years, EV have 
attracted scientific interest as innovative drug carrier sys-
tems. However, a major challenge when using EV as nano-
carriers is reaching drug loading concentrations that are 
therapeutically relevant. The mechanisms involved in cargo 
loading into EV are still not sufficiently understood, and the 
efficiency of the loading method depends on several experi-
mental factors [38]. Although multiple strategies have been 
developed to improve drug loading into EV, only a few have 
specifically addressed the loading of bioactive lipids [39].

Among all loading methods tested, incubation with 
saponin (final concentration of 0.1% and 0.2%) resulted in 
the highest levels of AEA. This well-referenced and wide-
spread method is known to increase membrane permeabil-
ity by forming pores via the complexation of saponin with 
cholesterol in the EV lipid bilayer, allowing the entry or 
intercalation of exogenous molecules [33]. Saponin, at con-
centrations ranging from 0.01 to 0.2%, has been reported to 
increase the loading efficiency of doxorubicin, porphyrin, or 
proteins such as TRP2 peptide or catalase, into EV [21–23, 
40, 41].

Next, the impact of AEA on EV membrane fluidity was 
assessed in 3 conditions: (1) EV incubated with AEA ,(2), 
EV incubated with AEA and saponin, as saponin interacts 
with membranes (3), and AEA incubated with saponin, as 
our data strongly suggested an association between AEA 
and saponin. AEA significantly decreased the GP value of 
EV while it increased the GP value of saponin micelles 
(although the change in GP value was not statistically 
significant) (Fig. 8). It is interesting to note that AEA still 

Fig. 6  Formation of micelles in 
saponin solution. (A-B) Saponin 
solutions were prepared in 
filtered PBS, reaching a final 
concentration of 0.05%, 0.1% 
and 0.2%. (A) Particle concentra-
tion (particles/ml) and (B) size 
(nm) were measured by NTA at 
RT. The values were presented as 
mean ± SEM (N = 3, n = 3)

 

Fig. 5  Formation of micelles in saponin solutions. The CMC of our 
saponin batch was determined using the Hoechst dye (vertical blue 
line). Hoechst (final concentration of 7µM) was added to different 
saponin solutions (serial dilutions of 1% stock solution). The mean 
fluorescence intensity (MFI) was measured at 355/460 nm using a 
SpectraMax ® ID5. The vertical red line represents the concentration 
of saponin used in our experiments (0.2%). The values were repre-
sented as mean ± SEM (N=3, n=4)
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process reproducibility, consistency in the administered 
dose, and reliable data interpretation [43].

Several post-loading isolation methods have been 
described in the literature, including ultracentrifugation, 
sucrose gradient centrifugation, column chromatographic 
separation, UF, and exosome isolation kits [43]. The optimal 
choice depends on parameters such as the nature of the drug 
and EV, the loading approach used, and the practical aspects 
of implementation. Although ultracentrifugation is the most 
commonly used technique, the mechanical stress can induce 
EV aggregation and leakage of the loaded drug from EV 
[44]. Therefore, SEC and UF were selected as alternative 
methods. SEC separates components based on size: small 
molecules, such as unloaded AEA and saponin monomers, 
are retained in the porous beads, while EV are eluted faster 
and collected in the earlier fractions [45]. UF relies on semi-
permeable membranes with predetermined pore sizes that 
retain larger particles (EV) and allow smaller molecules 
(unloaded AEA and saponin monomers) to pass through.

The choice of post-loading isolation method proved criti-
cal, as we found that AEA-loaded EV were toxic for cells 
after passing through UF, but not after SEC (Fig. 4B). This 
suggests that higher doses of residual saponin remained in 
AEA-loaded EV suspension following UF. The underlying 
mechanisms of these two isolation methods may explain 
the lower efficiency of UF in removing saponin. In SEC, 
sample components strongly interact with the porous sta-
tionary phase, allowing the elimination of both free saponin 
in the aqueous phase and saponin loosely associated with 
the EV surface. In contrast, UF relies on the passive diffu-
sion of small free molecules (free AEA and saponin mono-
mers) through the semi-permeable membrane, and multiple 

However, a critical step following the saponin-assisted 
method is the separation of drug-loaded EV from saponin, 
due to its well-known cytotoxicity [5, 6, 42]. Additionally, 
in the context of EV-based nanocarriers, separating drug-
loaded EV from unloaded drugs is essential to enhance 

Fig. 8  Impact of AEA on the membranes of EV and saponin micelles 
EV (4.109), saponin (final concentration of 0.2%) and both EV and 
saponin (4.109 and 0.2%, respectively) were incubated without (empty 
symbols) or with (filled symbols) AEA for 30 min at RT, before Laur-
dan addition (10 µM). Laurdan generalized polarization (GP) was 
assessed at RT after 60 min of incubation. The more positive the GP, 
the more ordered the membrane, and the more negative the GP, the 
more disordered the membrane. The results were expressed as the 
mean ± SEM (N = 3, n = 3). Statistical significance was determined by 
a Dunnett test *p ≤ 0.5

 

Fig. 7  GP values of Laurdan in EV according to different tempera-
tures, with or without benzyl alcohol. (A) EV (4.109) were incubated 
with Laurdan 10 µM (final concentration) at RT for 60 min. Laurdan 
generalized polarization (GP) was assessed at multiple temperatures 
from 30° to 60 °C. (B) EV (4.109) were incubated with Laurdan 10 µM 

(final concentration) in the absence (round) or the presence of benzyl 
alcohol at 0.34% (square) and 1.36% (triangle). The incubation was 
performed at 37 °C for 60 min. GP was assessed at 37 °C. The values 
were represented as mean ± SEM (N = 3, n = 3). Statistical significance 
was determined by a Dunn’s test *p ≤ 0.5
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tend to associate with the lipid bilayer [45, 46]. Given its 
lipophilic nature, we expected AEA to be preferentially 
loaded into the EV membrane. To investigate this, we used 
Laurdan and measured of Generalized Polarization (GP) 
value. Laurdan is a polarity-sensitive fluorescent probe that 
anchors in the phospholipid bilayer, with its lauric acid tail 
aligning with the lipid acyl chains. Upon excitation, Laur-
dan generates a strong dipole that interacts with surround-
ing water molecules. These interactions cause a shift in its 
emission spectrum, which reflects the phase of the mem-
brane: increased water penetration in disordered (liquid-
crystalline) phases, and limited water penetration in ordered 
phases. We hypothesize that if AEA intercalates into the EV 
membrane, changes in membrane fluidity will result [47]. 
While this technique is widely used to study biological and 
artificial membranes, such as cells and liposomes, respec-
tively [48], its application to EV is still rare. Very few stud-
ies have used Laurdan to investigate the membrane fluidity 
of EV, and even fewer report its use to address the integra-
tion of molecules in EV membrane. Our data (Fig. 7A et B) 
support the robustness of the Laurdan method for detecting 
changes in EV membrane fluidity.

Our data show a consistent decrease in GP values upon 
AEA addition, regardless of the presence of saponin, prob-
ably reflecting the AEA interactions with EV membrane. 
This observation is in line with the work of Di Scala et al., 
who suggested that AEA interacted with cholesterol pres-
ent in cell membrane by the formation of a hydrogen bond 
(between the -OH group of the sterol and the -NH group of 
the AEA), followed by van der Waals interactions and a con-
formational shift of AEA from a hairpin to an extended form 
[49]. Although the percentage of cholesterol in membranes 
depends on the donor cell, EV are enriched in cholesterol 
compared to their donor cells [50], with levels exceeding 
40% of total lipid content in most cases [51]. Harris and his 
colleagues previously reported that increasing cholesterol 
content in dipalmitoylphosphatidylcholine liposomes atten-
uates the thermal phase transition from gel to liquid [48]. 
Our data show no detectable phase transition from gel to 
liquid phase upon temperature increase (Fig. 7A), consistent 
with the presence of high cholesterol levels in EV isolated 
from BV2 cells.

Assuming that both saponin and AEA interact with cho-
lesterol in the membrane, there is probably a competition 
for their incorporation into the EV membrane. This hypoth-
esis is supported by our observation that the combination of 
AEA and saponin induced a smaller change in GP values 
compared to AEA alone (Fig.  8), suggesting that saponin 
may partially block AEA insertion by occupying choles-
terol-rich regions of the membrane.

washings are required to dilute and progressively eliminate 
free molecules.

In addition, the post-loading isolation method signifi-
cantly influenced the amount of AEA detected in the EV sus-
pension. Specifically, higher AEA levels were detected after 
UF than after SEC. We hypothesized that this gap is due to 
the formation of saponin micelles in which AEA is trapped. 
Saponin is amphiphilic and can self-assemble into micelles 
when used above its critical micellar concentration (CMC). 
The concentration of saponin we used in our experiments 
(0.2%) was approximately five times higher than its CMC 
(0.043%), thus favoring the formation of micelles. More-
over, at saponin concentrations below the CMC (0.01%) 
(Fig. 2), AEA levels did not significantly differ from those 
observed with passive incubation (at RT for 30 min), sup-
porting a real impact of saponin micelles formation on data 
interpretation.

To further investigate this, we calculate the AEA-to-
particle ratio (AEA/d4-AEA signal normalized to particle 
number measured by NTA) following incubation of AEA 
with either EV alone (passive incubation) or saponin alone 
(negative control) (Fig. 4). We found that the AEA-to-parti-
cle ratio was nearly 100 times higher after incubation with 
saponin than with EV. This finding is consistent with the 
distinct loading mechanisms: saponin micelles form sponta-
neously around AEA, whereas EV are pre-formed vesicles 
that require diffusion-based cargo incorporation, a less effi-
cient process.

Altogether, saponin was identified here as a confound-
ing factor when evaluating the encapsulation of a bioactive 
lipid in EV, highlighting the importance of implementing 
rigorous controls and selecting an appropriate purification 
method. Moreover, saponin hemolytic properties, which 
can lead to anemia and potentially death [33], raise safety 
concerns for downstream applications. Therefore, passive 
incubation, which is the method providing the highest AEA 
loading in the absence of saponin, was selected for future 
formulations of AEA-loaded EV. To address translational 
considerations, the stability of AEA-loaded EV was evalu-
ated following multiple freeze-thaw cycles (Supplemental 
Figure S1) and storage at -80 °C versus 4 °C for 1 and 2 
weeks (Supplemental Figure S2), by measuring their parti-
cle concentration, size, ZP and AEA content. While repeated 
freeze-thaw cycles affected only particle concentration, the 
storage duration had an impact on particle concentration, ZP 
and AEA content, regardless of the temperature.

In addition to evaluating loading efficiency, understand-
ing the localization of AEA within the EV is essential. 
Whether the bioactive molecule resides within the EV lumen 
or integrates into the membrane (or both) largely depends on 
its physicochemical properties. Hydrophilic molecules tend 
to accumulate in the lumen, while hydrophobic molecules 
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tion of saponin micelles (1) prevents the complete elimina-
tion of saponin from AEA-loaded EV when using UF, and 
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