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ABSTRACT: Extracellular vesicles (EVs) are well-known mem-
brane-limited particles secreted by both healthy and cancerous
cells. They are considered as biomarkers for early cancer diagnosis
and are involved in many pathologies and physiological pathways.
They could serve as diagnostic tools in liquid biopsies, as
therapeutics in regenerative medicine, or as drug delivery vehicles.
Our aim is here to encapsulate luminescent nanoprobes in the
aqueous compartment of human EVs extracted from reproductive
fluids. The analysis and labeling of the EVs content with easily
detectable luminescent nanoparticles could enable a powerful tool
for early diagnosis of specific diseases and also for the design of new
therapeutics. In this view, gold nanoclusters (AuNCs) appear as an
attractive alternative as nontoxic fluorophore probes because of their luminescence properties, large window of fluorescence lifetimes
(1 ns−1 μs), ultrasmall size (<2 nm), good biocompatibility, and specific ability as X-ray photosensitizers. Here, we investigated an
attractive method that uses fusogenic liposomes to deliver gold nanoclusters into EVs. This approach guarantees the preservation of
the EVs membrane without any breakage, thus maintaining compartmental integrity. Different lipid compositions of liposomes
preloaded with AuNCs were selected to interact electrostatically with human EVs and compared in terms of fusion efficiency. The
mixture of liposomes and EVs results in membrane mixing as demonstrated by FRET experiments and fusion revealed by flux
cytometry and cryo-TEM. The resulting fused EVs exhibit typical fluorescence of the AuNCs together with an increased size in
agreement with fusion. Moreover, the fusion events in mixtures of EVs and AuNCs preloaded liposomes were analyzed by using
cryo-electron microscopy. Finally, the ratio of released AuNCs during the fusion between the fusogenic liposomes and the EVs was
estimated to be less than 20 mol % by Au titration using ICP spectroscopy.
KEYWORDS: extracellular vesicles, fusion, liposomes, gold nanoclusters, luminescence

■ INTRODUCTION
Biological fluids encompass a large variety of extracellular
vesicles (EVs), heterogeneous in morphology, size, and
content with distinct outcomes for recipient cells.1−3 EVs are
membrane compartments ranging from 30 to 500 nm in
diameter loaded with cargo biomarkers such as proteins, lipids,
nucleic acids (RNA, DNA4,5), and metabolites, reflecting the
cell of origin, and are implicated in intercellular communica-
tion and regulation.6 The sorting and the separation of EV
subpopulations according to their size remain very challenging,
and currently, there is not a simple way to discriminate and
sort EVs according to their intravesicular content without
disruption.7 Current methods require time-consuming ultra-
centrifugation steps and/or magnetic immunocapture that
might alter the physical integrity of EVs and modify their
heterogeneity. Furthermore, the analysis of their contents
requires bulk lysis of the vesicle membrane to extract and
purify contained biomolecules (proteins, micro-RNA, or
DNA)8 prior to their analysis, so that information on their

distribution at the single vesicle level is irremediably lost.
Because of the low abundance of the contained biomolecule
cargo in EVs, typically in the femto- to nanomolar ranges), a
sensitive and reliable strategy for exosomal biomolecule
detection and sorting is highly desirable. In this view, EVs
labeled with luminescent nanoprobes could serve as drug
delivery vehicles9 or as therapeutics.5,10 In the literature
alternative efficient methods are described for fluorescent
labeling of the EV membrane but not EV intraluminal content
by keeping their integrity.11

The choice of luminescent gold nanoclusters for probing and
labeling the aqueous compartments of EVs is strongly dictated
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by their specific luminescent properties due to their ultrasmall
size.12−14 Furthermore, in contrast to organic dyes, which tend
to suffer from photobleaching, AuNCs present a high
photostability, making labeling more reliable and long-lasting.
With regard to their emission, they present not only a
luminescence process correlated directly to the number of core
gold atoms as expected from quantum confinement effect but
also a luminescence related to the interaction between surface
Au atoms with long lifetime.15,16 This second deexcitation
process attributed to energy transfer between the ligand and
the surface gold atoms also makes them sensitive to the
environment. The reactivity of Au(III) salts and the easy Au
surface chemistry make them attractive to prepare bioactivated
Au nanoprobes sensitive to the environment for biosensing and
bioimaging.17

All the active EV loading methods18 such as electroporation,
extrusion, or freeze−thaw cycling19,20 involve breaking and
then rebuilding the bilayer membrane to offer a window of
opportunity for small drugs encapsulation such as doxor-
ubicin.21 These strategies are hardly applicable to nanoparticles
because of their size.22,23 Unlike larger particles such as
quantum dots, AuNCs pass the kidney barrier and can be easily
eliminated from the body by an efficient clearance.13 The
ultrasmall size of AuNCs allows for more effective and less

invasive labeling of EVs, preserving their integrity and
functionality. They have been previously combined to EVs to
form large multilamellar structures resulting from lipid
rearrangement with disruption of the aqueous compart-
ment.24,25 An attractive way that, in principle, may avoid the
membrane destabilization and loss of the cargo is based on
liposome fusion.26 In this approach liposomes composed of
fusogenic lipids are incubated with EVs to merge their
cargo.27,28 In comparison to other fluorescent dyes such as
organic dyes or quantum dots, AuNCs present better
biocompatibility, reducing the potential associated long-term
toxic effects. In addition, fusion-mediated loading of EVs with
fluorescent organic dyes is less appropriate because of their
easier release due to their molecular size and also the difficulty
to titrate the encapsulation yield. In the case of AuNC, the Au
concentration can be easily detected by inductively coupled
plasma (ICP) atomic emission spectroscopy. The use of highly
luminescent quantum dots failed because they are too big to be
efficiently encapsulated in liposomes prepared by extrusion.
These characteristics make AuNCs particularly suitable for
labeling EVs, allowing not only identification but also potential
sorting based on specific luminescent content, thus bringing
significant improvements in terms of diagnosis and targeted
therapies.

Figure 1. (a) Schematic view of gold nanocluster (AuNCs) and chemical structures of the PEGylated thiol (HS-PEG) and peptide ligands
(GCGAH-NH2 and CGCGAGAE) used to replace the glutathione ligand (GSH). (b) Optical properties of the AuNCs grafted with GSH:
absorption spectrum (blue line), excitation spectrum (maximum at 445 nm, gray line), and emission spectrum (maximum at 632 nm, red line) with
an excitation wavelength at 445 nm. (c) Typical HRTEM image of the AuNCs and (d) corresponding size distribution extracted from 212 AuNCs
nanoclusters (mean diameter 1.9 ± 0.3 nm). The ionizable acid and amine groups in the peptides structures are marked respectively in red
(negative) and in pink (positive); the thiol groups acting as Au surface anchors are marked in green.
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Our strategy aims to use fusogenic liposomes in order to
deliver luminescent nanoprobes into the EVs content by
keeping the integrity of the membrane compartment. The
fusion process between PEGylated liposomes and EVs has
been clearly demonstrated.27 Indeed, liposomes are able to fuse
in the presence of PEG, a well-known fusogenic agent.29−31

This small hydrophilic polymer destabilizes the water
molecules in the hydration layer of the membrane, enabling
them to be brought into contact for adhesion, a necessary
preliminary step to pore opening during fusion.19,32,33 Another
approach consists in using long-range electrostatic attractive
interactions, which have been shown to be efficient to promote
adhesion.34 Both approaches can be advantageously combined
to balance the energy cost of the fusion process and to
reinforce its selectivity. Finally, positive ionizable liposomes
containing both PEGylated lipids and cationic lipids such as
1,2-dioleoyl-3-dimethylammonium propane (DODAP), which
is less toxic than 1,2-dioleoyl-3-trimethylammonium propane
(DOTAP), were shown to be particularly efficient fusogenic
drug delivery systems (DDS) and gave rise to many recent
developments of lipid nanoparticles.35,36

Here, our strategy is to develop an efficient method to
encapsulate AuNCs into fusogenic liposomes. Unlike larger
nanoparticles such as quantum dots, gold nanoclusters, thanks
to their ultrasmall size (less than 2 nm), can be loaded inside
liposomes without causing the disruption of the membrane or
even changing the compartment integrity.25 The fusion
between liposomes of various lipid compositions preloaded
with gold nanoclusters and EVs was investigated to optimize
the loading efficiency in gold. The fusion process was analyzed
at a nanometric resolution by using cryo-electron microscopy.
Finally, the encapsulation efficiency in EVs was quantified by
gold titration with ICP atomic emission spectroscopy. These
results provide new insights for EVs lumen labeling and
potentially EVs sorting according to their content, which
represent major breakthroughs for both diagnostic and
therapeutic applications.

■ RESULTS AND DISCUSSION
Gold nanoclusters grafted with peptides of different surface
charges (positive or negative) were prepared to minimize
possible interaction with the lipid membranes and facilitate
their encapsulation into liposomes. First, gluthathione nano-
clusters were obtained with an emission intensity maximum at
600 nm corresponding to stable GSH Au25 nanoclusters. A
chemical platform of peptide ligands was designed for AuNCs
synthesis to obtain different charged AuNCs. Short peptides
bearing a cysteine and an ionizable terminal amino acid, either
positively charged histidine (GCGAH-NH2) or negatively
charged aspartic acid (CGCGAGAE), as well as a PEGylated
thiol (HS-PEG) were selected to be grafted onto red emitting
gold nanoclusters (AuNCs) (see Figure 1). The hydrophilicity
of the ligands assures colloidal stability, while the sulfur to gold
affinity is strong enough to stabilize the organic layer of ligands
and the luminescence of gold nanoclusters. The AuNCs are
initially prepared by reduction of an aqueous HAuCl4 solution

with the glutathione ligand, which is replaced with the peptide
(GCGAH-NH2 and CGCGAGAE) or HS-PEG in excess.
The hydrodynamic diameter estimated from DLS measure-

ment is around 4 ± 2 nm (see Figure S1), significantly higher
than the gold core diameter of the AuNCs found to be 1.9 ±
0.3 nm from transmission electron microscopy. Their surface
charge changes according to the ionization state of the
peptides, as illustrated from zeta-potential values (see Table 1).
After GSH ligand exchange and removal of the peptide

excess by ultrafiltration, the FTIR spectra of lyophilized
AuNCs were collected. The FTIR spectra with peptides in
Figure S2 show peaks at about 1540 and 1650 cm−1, which
correspond to the N−H bond bending and the stretching of
the carbonyl group of the amide, respectively. The FTIR
spectrum of HS-PEG exhibits the characteristic bands of HS-
PEG ligands in the 1200−1000 cm−1 range. The spectrum of
the GSH AuNCs has a broad peak at ∼3400 cm−1, which
corresponds to one or more OH-free bonds. Furthermore, the
presence in all the spectra of the peak at about 1230 cm−1 is
referred to the bond between gold and sulfur.37 After ligand
exchange, there were no significant changes in the emission
wavelength, while the luminescence intensity of peptide
AuNCs was enhanced for all three compounds in comparison
to GSH AuNCs (see Figures S3 and S4). This enhancement
aligns with the expected outcome of increased ligand-to-metal
charge transfer, especially when the gold nanocluster surface is
saturated with the ligand.38 The synthesis yield of the AuNCs
surface exchange by using different peptides was estimated
through gold titration by ICP mass spectroscopy. As shown in
Table 2, the gold yield were found to be 59−83 mol % in the
AuNCs after ligand exchange depending on the chemical
nature of the ligand.

Exosome-like-sized liposomes were then prepared by the
extrusion method to obtain large unilamellar liposomes with a
well-defined diameter (see Figure 2a).39 The lipid mixture was
first dried to give a film which was then hydrated and swollen
in the presence of a suspension containing luminescent
peptide−gold nanoclusters to form multilamellar vesicles by
five freeze/thaw cycles as previously described.39 To evaluate
the efficiency of the peptide−Au NCs preparation and
encapsulation process, after LUV purification, the amount of
gold was estimated by ICP mass spectroscopy, and it was
found to be from 26 to 42 mol %, depending on the peptide
grafted (see Table 2).

Table 1. Mean Hydrodynamic Diameter Estimated from DLS (Dh) and ζ-Potential Values of the Peptide-Grafted AuNCs
Aqueous Suspensions Obtained in PBS Buffer (pH 7.2)

peptide GSH GCGAH CGCGAGAE HS-PEG

Dh (nm) 3.6 ± 0.2 4.8 ± 0.6 4.0 ± 0.5 5.8 ± 0.8
ζ-potential (mV) −12.3 ± 4.5 −7.7 ± 2.6 −12.3 ± 3.3 −12.1 ± 2.6

Table 2. Synthesis Yields of the AuNCs Surface’s Exchange
and Encapsulation Yields into Liposomes (LUV) Estimated
from Gold Concentrations Measured by ICP Atomic
Emission Spectroscopy

ligand
peptide AuNCs yield

(mol %)
encapsulation yield (mol %) in

LUV

CGCGAGAE 69 42
GCGAHNH2 83 26
HS-PEG 59 29

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c02445
ACS Appl. Mater. Interfaces 2024, 16, 21643−21652

21645

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c02445/suppl_file/am4c02445_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c02445/suppl_file/am4c02445_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c02445/suppl_file/am4c02445_si_001.docx
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c02445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


As expected from the 200 nm pore size used for extrusion,
the liposome hydrodynamical diameter is around 100−200
nm, which is confirmed from the DLS correlograms and
histograms (Figure 2b). As shown in Figure 2c, the liposomes
appear mostly monolamellar or bilamellar in the cryo-TEM
images. The mean diameter of the LUV preloaded with
GCGAH-AuNCs obtained by cryo-TEM was found to be 116
± 45 nm (Figure 2d). The LUV preloaded with negatively
charged HS-PEG AuNCs were also analyzed by DLS and
cryoTEM, giving mostly unilamellar vesicles with a mean
diameter at 158 ± 45 nm (Figure S5).
EVs extracted from human reproductive fluids were selected

as a target because of their huge concentration and their
relevance for diagnosis in liquid biopsies for infertility related
pathologies. The detection of their content is a great challenge
because there is currently no nondisruptive methods to analyze
the EVs cargo. Particularly, the in situ detection of overex-
pressed miRNAs involved in pathological developments could
serve as early diagnosis factors. Furthermore, the detection of
specific miRNAs of biological interest may potentially benefit
reducing resistance to chemotherapeutic therapies.
The male seminal fluid and female follicular fluid are

reproductive fluid containing both a high concentrated and
heterogeneous population of EVs11 that were purified by
ultracentrifugation according to the literature.41 These EVs-
rich fluids are good models for the study of human vesicle
interactions. The EVs extracted from seminal male fluid show a
higher concentration and lower polydispersity in size than the
vesicles extracted from the follicular fluid. For this reason, most

of our experiments were performed on EVs extracted from
seminal male fluids. The mean hydrodynamic diameter of
these EVs measured by DLS is around 74 ± 20 nm, as shown
in Figure 3.
Different compositions of the LUV preloaded with gold

nanoclusters were first investigated to fuse with human EVs
from seminal plasma EVs. Lipids having a negative
spontaneous curvature (such as PE or PEG2000-PE) or
cholesterol were introduced in the liposome composition
because of their ability to go from a lamellar to an hexagonal
phase, a transition required in the local rearrangement
occurring during the fusion (see Table S1). The ability of
liposomes to interact with EVs has been evaluated by using a
classical fluorescence lipid mixing test based on FRET change
between two donor (NBD-PE) and acceptor (Rhodamine-PE)
fluorescent lipids depending on their mean distance in the
vesicle membrane.42−45 As a fusogenic agent, a poly(ethylene
glycol) polymer was first incubated for 2 h in the presence of a
(1:1) mixture containing (NDB/Rh) LUV and EVs. Increasing
amounts of PEG were added, and the fusion ratio was
estimated from the FRET decrease between the donor and the
acceptor initially present in the liposomes (see Figure S6). The
most efficient PEG concentration to induce fusion was found
to be 25 mol %, in agreement with the literature.27

Nevertheless, the viscosity of the 25% PEG solution in the
cytometer microfluidic system makes it difficult to regenerate
the capillary between two successive samples. Furthermore,
fusion can occur between liposomes as well as liposomes/EVs.
For these reasons, we decided to introduce an attractive

Figure 2. Characterization of AuNCs preloaded fusogenic liposomes. (a) DLS correlograms and light scattering intensity histograms of AuNCs
(grafted here with GCGAH) preloaded liposomes composed of a 85:10:5 DOPC:DODAP:PEG2000-DOPE mixture. (b) Typical cryo-TEM image
after elimination of the nanocluster excess by size exclusion chromatography. (c) Corresponding size histogram extracted from 322 vesicles
observed by cryo-TEM with a mean diameter of 116 ± 45 nm. The inset highlights a size distribution from 50 to 200 nm without the presence of
bigger aggregates.

Figure 3. Characterization of EVs from a human seminal fluid. (a) Dynamic light scattering correlogram and intensity size profile of EVs extracted
from seminal fluid before and after ultracentrifugation (crude EVs in blue and purified EVs in red). (b) Typical cryo-TEM image of purified EVs.
(c) Corresponding size histogram extracted from 358 vesicles observed by cryo-TEM with a mean diameter of 74 ± 20 nm.
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electrostatic interaction. Different ratios between EVs and
cationic liposomes were investigated to optimize fusion
efficiency and to determine the size increase as they interact

through electrostatic interaction (see Figure S7). The best
liposomes/EVs ratio was found to be the 1:1 molar mixture.
The composition of the liposomes was then optimized.

Figure 4. Flux cytometry measurements showing the size and fluorescence evolution of the (EV:LUV) mixture. Scattering intensity (denoted FSC-
A) and fluorescence intensity at 605 nm (denoted ClusterBV605 nm) evolution of (a) AuNCs preloaded liposomes, (b) human semen EVs, and
(c) 1:1 EV:LUV mixture after 2 h of incubation. (d) Fluorescence intensity at 605 nm of (a−c) for five cytometry fusion assays showing the
reproducibility of the size increase.
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DODAP, which replaced DOTAP, is an ionizable lipid less
toxic than the cationic analogue46 and was introduced in the
lipid compositions (see Table S1 and Figure S8). This lipid is
also currently used for miRNA or lipid nanoparticle drug
delivery and DNA transfection.35,36 Thus, liposomes preloaded
with GCGAH or HS-PEG were prepared from a mixture of
DODAP/DOPC/PE-PEG5000 (10:85:5 mol %) and incu-
bated for 2 or 24 h in the presence of purified EVs (see Figure
S9). We selected positively ionizable GCGAH and negatively
ionizable HS-PEG to investigate the effect of a possible
electrostatic interaction with the liposome membrane during
the extrusion process. No destabilization of the liposome
membrane was observed whatever the ionizable peptide used
(Figure 2 and Figure S5).
Fluorescent detection of loaded AuNCs in the EVs by

cytometry permits us also to evidence the EVs/liposome fusion
by following the increasing size and fluorescence. Cytometry
measurements clearly show an increase in EVs size and
fluorescence attributed to the gold emission intensity at 620
nm after 2 h of incubation (see Figure 4). As shown in Figure
S9, the best condition to improve the fusion events
corresponds to the (1:1) equimolar ratio as determined by
NTA. Furthermore, the NTA analysis clearly shows that due to
the fusion event, the residual AuNCs concentration in solution
decreases dramatically. The efficiency of the fusogenic
liposomes to fuse with EVs extracted from female follicular
fluid was also tested. Also in this case, the cytometry assay
results show an increase in size and fluorescence of the vesicles
after 2 h of incubation (see Figure S10).

To more precisely investigate the liposome/EVs interaction,
as well as the morphology and size change in the vesicles
population, cryo-TEM imaging on the 1:1 mixture was
performed. Membrane fusion intermediate states include (i)
close contact between the two bilayers, (ii) adhesion and
hemifusion with lipid mixing, (iii) opening of a pore to allow
the content mixing, (iv) expansion of the fusion pore, and (v)
fused vesicles resulting from the pore closing.34 EVs incubated
with liposomes (LUV) for 2 h showed remarkably very large
vesicles of 200−500 nm resulting from successive fusions (see
Figure 5a−h). After 24 h of incubation, the vesicles’
concentration appears to be lower, and vesicles of bigger size
are observed. The diameter size histograms clearly show a
significant size increase of the initial populations as shown in
Figure 6a−c within 2 h. For a long time (24 h) of incubation,
the increase in size is slightly higher, but more vesicle rupture
events are also observed, so that the optimal time in terms of
fusion efficiency appears to be 2 h (see Figure 5i−k). The
more detailed analysis of the morphological profiles permits
classification of the different fusion intermediate states (Figure
6d). A high ratio of fusion intermediates was obtained as
shown in Figure 6d including a hemifusion state (5%), initial
pore (6%), expanded pore (6%), and fused vesicles including
intermediate fusion (28%) and fusion event (56%). In the case
of LUV preloaded with HS-PEG AuNC interacting with EVs,
fusion intermediates were also evidenced and classified from
cryo-TEM images (Figure S11). The fusion process occurs in
both cases for GCGAH and HS-PEG peptides used for coating
AuNCs. Hence, the charge of the coating peptide used for
preloading the LUVs appears not to affect the fusion process.

Figure 5. Cryo-TEM imaging of the 1:1EV:LUV mixture revealing fusion intermediates (see red narrows) in a 1:1 EVs:LUVmixture after 2 h of
incubation (a−h) and after 24 h of incubation (i−k).
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Finally, fused vesicles resulting from the interaction between
EVs and fusogenic liposomes preloaded with GCGAH AuNC
were separated from the released AuNCs during the fusion by
size exclusion chromatography and characterized by flux
cytometry and fluorescence spectroscopy (Figure S12). The
first fraction corresponds to the vesicles including the fused
vesicles and the possible residual liposomes. The second
fraction does not contain any vesicle but appears to be slightly
fluorescent at 620 nm. This fraction is attributed to the AuNCs
released during the fusion events. To quantify the efficiency of
the EV labeling, ICP titrations were performed to give a
quantitative estimation of the gold concentration in each
fraction of the EVs:LUV mixture (Table 3), giving access to
the free AuNCs detected by fluorescence after fusion. The total

gold concentration before the purification of the EVs:LUV
mixture was considered as the reference (100 mol %). As
shown in Table 3, the gold release (fraction 2) during the
fusion represents only 17 mol % of the total gold amount
present in the EVs:LUV mixture, showing the efficiency of the
fusion process to encapsulate the AuNCs into EVs without
membrane rupture. As a control the gold concentration was
also quantified for the pure LUV loaded with the AuNC. 39
mol % of total gold amount introduced during the liposome
preparation was detected just after extrusion and 29 mol % in
the purified LUV loaded with AuNCs after purification on
SEC.

■ CONCLUSION
We have introduced an innovative approach to labeling
extracellular vesicles (EVs) using luminescent gold nano-
clusters (AuNCs), highlighting considerable potential in both
early diagnostics and improved drug delivery. This technique,
which preserves the integrity of EV membranes, paves the way
for future applications for the analysis of EV contents and
targeted drug delivery, offering significant advantages over
conventional methods.
The interaction of fusogenic liposomes loaded with AuNCs

and EVs results in an efficient labeling of these EVs with
luminescent nanoclusters. The composition of the membrane
was optimized to improve the fusion properties of the
liposomes. The incorporation of both cationic ionizable
DODAP and PEG−PE in the lipid composition, instead of
fusogenic PEG additive, was particularly adapted to facilitate

Figure 6. Size histograms extracted from the cryo-TEM imaging of (a) pure LUV, (b) human EVs, and (c) 1:1 LUV:EVs mixture after 2 h (green)
with a mean diameter of 175 ± 65 nm and 24 h (pink) with a mean diameter of 138 ± 74 nm. (d) Corresponding histogram showing the frequency
number of those intermediates for the EVs:LUV mixture and canonical fusion intermediates including contact/binding, hemifusion, initial pore,
expanded pore, and membrane fusion. The scale bar represents 100 nm.

Table 3. Gold Concentrations Were Estimated from ICP
Titration during LUV Loading by Extrusion and EV
Loading by Fusion with Liposomesa

LUV loading with AuNC by
extrusion EV loading with AuNC by fusion

purified AuNC 4.710 mM
(100 mol %)

EVs:LUV
mixture

0.666 mM
(100 mol %)

LUV after
extrusion

1.826 mM (39
mol %)

fused vesicles
(f1)

0.551 mM (83
mol %)

purified LUV 1.354 mM (29
mol %)

AuNCs release
(f2)

0.114 mM (17
mol %)

aFused vesicles and AuNC release were attributed respectively to
fraction 1 (noted f1) and fraction 2 (f2) obtained by SEC purification
of the EVs:LUV) mixture after 2 h of incubation.
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fusion. This fusion process was easily detected by flux
cytometry thanks to the AuNCs fluorescence, while con-
currently preventing viscosity elevation due to PEG addition.
The mixture of liposomes and EVs results in lipid exchange, as
demonstrated by FRET experiments and increased size
revealed by flux cytometry. The fused vesicles exhibit a typical
fluorescence of the AuNCs together with an increased size, in
agreement with the expected size of the fused exosomes. The
fusion intermediates in mixtures of EVs and AuNCs preloaded
liposomes are also clearly visualized and analyzed by using
cryo-electron microscopy. In addition, the resulting fused
vesicles are successfully isolated by size exclusion chromatog-
raphy and fluorescently labeled with AuNC. Less than 20% of
the cluster is released after mixing the two species according to
Au titration performed by ICP atomic emission spectroscopy.
Hence, here we show the efficiency of the fusion process to
encapsulate the AuNCs into human EVs extracted from EVs-
rich human reproductive fluids without membrane disruption.
These results provide new insights for EVs lumen labeling

and potentially EVs sorting according to their content, which
would represent a major breakthrough for both diagnostic and
therapeutic applications. In terms of applications, our method
is not limited exclusively to labeling but significantly extends to
EVs sorting. By using the specific luminescence of AuNCs,
separation and identification of different populations of EVs
based on their contents could be facilitated, thus improving the
early diagnosis and precision of treatment of various medical
conditions. This is particularly relevant in areas where the
precise sorting of EVs can have direct impacts, such as in the
identification of biomarkers for diseases or in the development
of targeted therapies. Future prospects of this research include
expanding the use of labeled EVs in clinical settings for the
early diagnosis and treatment of diseases, particularly in those
with limited diagnostic and therapeutic options. Furthermore,
the use of EVs taken directly from patients highlights the
immediate applicability and clinical relevance of our work. This
innovative technology paves the way to future development in
the field of personalized medicine and targeted drug delivery.

■ EXPERIMENTAL PART
Materials. Glutathione (GSH) and HAuCl4·3H2O were purchased

from Sigma-Aldrich. DOPC, DOPE, DODAP, DOTAP, PEG2000-PE,
Rhodamine-PE, and N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-PE (NBD-
PE) lipids were purchased from Avanti Polar Lipids. The ultra-
filtration devices were Amicon Ultra devices with 10000 MWCO (10
kDa) and 3000 MWCO (3 kDa) cutoff. All solutions were prepared
by using Milli-Q water.
Methods. FTIR Spectroscopy. The measurements were performed

with a JASCO FT/IR-4600 by ATR powder diffusion.
Absorption Spectroscopy. The UV−vis absorption spectra were

recorded by Nanodrop One (Thermo Scientific) using a drop of 2 μL
of each sample.

Fluorescence Measurements. All fluorescence spectra and 2D
maps were performed by a Horiba instrument (Jobin Yvon Duetta).

DLS Spectroscopy. The hydrodynamic diameters of the various
colloidal suspensions were measured by a Zetasizer Nano-ZS
(MALVERN Instrument) with an angle of 173° at 25 °C. The data
were analyzed with Zetasizer software.

Flux Cytometry. The size and fluorescence of AuNCs and EVs
were performed on a LSR Fortessa X-20 (BD Biosciences) with five
lasers (355, 405, 488, 561, and 640 nm). FACS Diva software version
8 (BD) was used for collecting data.

Transmission Electron Microscopy (TEM). TEM analyses were
performed with a JEOL 2100 transmission electron microscope
operated at 200 kV supplied with an UltraScan 1000XP CCD camera.

For sample preparation, 300 mesh copper grids were placed for 1 min
on top of a 40 μL sample droplet and dried with paper. Particle sizes
were determined from TEM micrographs using DigitalMicrograph
GMS3 software.

Cryo-TEM. Vitrification of vesicles was performed using an
automatic plunge freezer (EMGP, Leica) at controlled humidity
and temperature.47 The samples were deposited onto glow discharged
electron microscope grids, followed by blotting and vitrification by
rapid freezing in liquid ethane. Grids were transferred to a single axis
cryo holder (model 626, Gatan) and observed using a 200 kV electron
microscope (Tecnai G2T20 Sphera, FEI) equipped with a 4K × 4K
CCD camera (XF416, TVIPS). Micrographs were acquired under
small electron doses using the camera in binning mode 1 and at a
nominal magnification of 25000×.

NTA Measurements. Before nanoparticle tracking analysis (NTA),
EVs, LUV, and Mixture samples were diluted in sterile PBS. NTA
used a NanoSight LM14 instrument (Malvern Instruments, Malvern,
UK) to measure the size distribution and vesicle concentration. A 405
nm laser beam is employed. At 25 °C, five 30 s recordings were
recorded for each sample. The NanoSight NTA 3.1 software
(Malvern, UK) was used to analyze the videos with a detection
threshold of 5. For every sample, the results displayed match the
average of the five recorded videos. After that, the distributions and
concentrations were standardized.

Zetametry. The ζ-potential measurements were performed using
the Zetasizer ZEN3600 (Malvern Instruments) equipped with a He−
Ne laser source (λ = 633 nm). The solutions of the vesicles were
loaded into disposable folded capillary cells (Zeta Cell, DTS 1060),
and data were collected at 25 °C.

Gold Nanoclusters Synthesis. AuNCs were synthesized by adding
in a 100 mL flask, 33.6 mL of Milli-Q water and 2 and 4 mL of a 50
mM solution of GSH; then, 4 mL of a 20 mM solution of HAuCl4 was
added under stirring, and the solution was immediately moved on a
hot plate set at 120 °C to get a reflux. The as-obtained solution was
left to stir for 4 h. After this time, the solution was allowed to cool at
room temperature and transferred in a brown bottle to preserve it
from sunlight. All of the labware was previously washed with aqua
regia.

Gold Nanoclusters Ligand Exchange. 4 mL of GSH−AuNCs was
put into a vial, and 1.56 mL of a 20 mM solution of the needed ligand
was added. The obtained mixture was left to incubate overnight. To
remove the GSH and the ligand excess, after the incubation time, the
solution was filtered using Amicon filter of 3 kDa at 7100 rcf for 20
min; the solution retained by the filter containing the purified clusters
was collected and analyzed by DLS, fluorescence, UV, and TEM
microscopy.

EVs Purification. The seminal plasma from human semen without
spermatozoa or from the follicular fluid was transferred into a new
Falcon tube and centrifuged for 30 min at 3000g and 4 °C; then, the
supernatant (25−30 mL) was centrifuged for 35 min at 10000g and 4
°C in a new Falcon tube. The obtained supernatant (25−30 mL) was
again centrifuged for 60 min at 110000g and 4 °C; the obtained pellet
was resuspended in PBS (p H 7.2) and ultracentrifuged again using
the same settings as before. The final pellet containing EVs was
resuspended in 800 μL of PBS, divided in 8 aliquots, and stored at
−80 °C.

LUV Synthesis and Loading with AuNCs. The lipid mixture in
chloroform was first prepared from a stock solution of lipids in
chloroform according to the desired composition. After solvent
evaporation by using a rotavapor, the lipid film is then rehydrated
with an aqueous AuNCs suspension to load them with the
nanoclusters and submit to 5 freeze−thaw cycles, each cycle providing
an incubation of 50 s in liquid nitrogen followed by 5 min in a 45 °C
water bath. At the end of these cycles, the resulting MLV suspension
is extruded 10 times using a semiautomatic extruder with a 0.2 μm
pore-sized carbonate filter.
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