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ABSTRACT.

According to their high electron density and ultra-small size, gold nanoclusters (AuNCs) have
unique luminescence and photo-electrochemical properties that make them very attractive for
various biomedical fields. These applications require a clear understanding of their interaction with
biological membranes. Here we demonstrate the ability of the AuNCs as markers for lipidic bilayer
structures such as synthetic liposomes and biological extracellular vesicles (EVs). The AuNCs can
selectively interact with liposomes or EVs through an attractive electrostatic interaction as
demonstrated by zetametry and fluorescence microscopy. According to the ratio between
nanoclusters and vesicles, the lipidic membranes can be fluorescently labeled without altering their
thickness until charge reversion, the AuNCs being located at the level of the phosphate

headgroups. In presence of an excess of AuNCs, the vesicles tend to adhere and aggregate. The
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strong adsorption of AuNCs result in the formation of a lamellar phase as demonstrated by cryo-

TEM and SAXS techniques.
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Gold nanoclusters (AuNCs) appear as a recent class of non-toxic fluorophores. Their brightness,

their ultrasmall size (< 2 nm) and large window of fluorescence lifetime (1ns - 1us) and their good

biocompatibility make them an attractive alternative as fluorescent probes for biological labeling

and bioimaging.!?3 Their size approaches the Fermi wavelength of electrons between metal atoms

and nanoparticles. It results in molecule-like properties, including discrete energy levels and size-

dependent fluorescence of the specific electronic structures. Because of its high electron density,
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the presence of gold element can be detected by high resolution electron microscopy imaging. In

addition, their ultra-small size facilitates their clearance when they are injected into the body. In

particular gold nanoclusters are able to be filtered from the kidney and urinary excretion rapidly

subsequently reducing their accumulation in the liver or spleen.*>¢ Multifunctional

nanoconjugates based on AuNCs have been applied in tumor imaging”-8.

Understanding their interactions with biological membranes is of direct relevance to evaluate

nanotoxicity, to conceive the design of nanoparticle vectors and to control biological membrane

targeting. The AuNCs could serve potentially as membrane biomarkers®!° or building-block for

nanovector design.''2 Gold nanoclusters have been used to track and visualize breast cell derived

EVs into their parent cells from early endocytosis and lysosomal degradation!3. They were also

found to self-assemble with EVs to form larger defined supraparticles.!®> Due to the visco-elastic

properties of lipid membranes, interacting nanoparticles can induce membrane deformation if the

attractive interaction is strong enough to balance with the energetic bending cost.!> For example,

electrostatically interacting quasi-spherical quantum dots'* or nanorods' can deform model

membranes into egg-box-like structured lamellae or corrugated sheets. Recently, the size

dependence of electrostatic interactions between gold nanoparticles (with a diameter between 5
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and 40 nm) has been demonstrated.'¢ This study shows that the smaller the particles are, the more

they are able to induce a strong deformation of the membrane.

Here we investigate the interaction between biocompatible luminescent gold nanoclusters

(AuNCs) (with a diameter lower than 2 nm) and synthetic liposomes of different sizes (with a

diameter between 20 nm and 10 um approximatively) or biological human extracellular vesicles.

EV is the generic term for particles naturally released from the cell that are delimited by a lipid

bilayer without any functional nucleus. These vesicles are membrane-limited particles that are

secreted by healthy and cancerous cells. EVs are heterogeneous in size and three subtypes are

described depending on the location of secretion: microvesicles, myelinosomes and exosomes.!”-18

A specific human fluid particularly rich in extracellular vesicles was selected to better understand

the mechanism of their interaction with AuNCs. Indeed EVs are identified in follicular fluid as a

mode of communication in the ovarian follicle.!® In addition EVs involved in cell-cell

communication are considered as biomarkers for early cancer diagnosis.?*->* Their labeling with

easily detectable nanoparticles could enable the development of a powerful tool for the early

diagnosis of specific diseases.
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We first synthetize biocompatible luminescent positively (AuNC+) or negatively (AuNC-)

charged gold nanoclusters. We choose the strong and long-range electrostatic interaction to

magnify any possible interaction with the membrane. The AuNCs of various surface charges were

synthetized in two steps: firstly the synthesis of glutathione stabilized AuNCs according to the

literature> by using a higher temperature to speed up its kinetics and secondly a ligand exchange

with pegylated peptides of high affinity for gold surface.?® Typically, a solution containing the

glutathione reductant (GSH) and gold (III) salts was heated at boiling point for 2 hours in order to

obtain the GSH NCs suspension (Figure 1a). The analysis of the TEM images (Figure 1b) reveals

the crystalline structure of the NCs and their ultra-small dimensions with a diameter of 1-2 nm.

Due to quantum confinement,?”?8 the NCs do not have the collective plasmon excitation typical of

nanoparticles (NPs) and have composition and size-dependent fluorescence properties. As

expected, the GSH NCs exhibit a maximum of fluorescence intensity peaked at 620 nm (Figure

Ic). The excitation spectrum exhibits a typical peak corresponding to the Au atoms excitation with

a maximum at 410 nm (Fig. 1c¢). The absorption spectrum presents a strong absorption due to the

scattering below 350 nm masking the absorption peak of the AuNC.
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Figure 1. (a) Schematic view of the synthesis route to prepare glutathione (GSH) Gold nanoclusters

followed by ligand exchange. (b) HR-TEM images of GSH Au NCs. Scale bar 20 nm. GSH Au

NCs solution under UV lamp in the inset. (¢) Optical properties of GSH Au NCs: (Blue) UV-Vis

spectrum, (Green) Normalized Excitation spectrum (620 nm) and (Red) Normalized fluorescence

emission spectrum (430 nm).

The diameter size histogram obtained by the TEM images analysis present a rather small

polydispersity around 2 nm (1.2 - 2.4 nm). The fluorescence lifetime measurements exhibit a better

fit using two exponential decays (Figure S1) corresponding to two lifetimes (t; = 3.1 = 0.02 us
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and 1, = 0.67 £ 0.02us). This observation could be attributed to two different emission processes

from to the surface (ligand-metal interaction) or from the AuNC core.?” Even after lyophilization,

the AuNCs are very easy to resuspend in water without any detectable aggregation or loss in

luminescence (Figure S2).

To increase the AuNCs colloidal stability, three cysteine pegylated peptides negatively (C;E¢D
and CsPEGy) or positively charged (KsCNH,) (see Figure S3) were selected for their high ligand
affinity according to our previous works.’%3! In this study we also used successfully the
commercial positively charged MUTAB (Mercapto-Undecyl-Trimethyl Ammonium Bromide)
compound as an alternative to KsCNH, compound. It is noticeable that the MUTAB single thiolate
ligand with a permanent trimethyl ammonium charge regardless the pH, is only suitable for in vitro
experiments because of its potential toxicity. The ligand exchange allows to obtain nanoclusters
with a higher biocompatibility and stability against aggregation in aqueous buffer media due to the
presence of the PEG and the terminal charges of the aspartic carboxylate or ammonium groups.
The C3E¢D NCs are also bioactivable through binding a functional targeting group (antibodies,
recognition proteins, drugs) to the terminal carboxylic groups for further diagnostic and therapeutic
applications. After overnight incubation in the presence of a large excess of one ligand (C;E¢D,
KsCNH,; or MUTAB), the GSH NCs suspension was purified by size exclusion ultracentrifugation
in order to remove the free ligands and the glutathione excess to isolate the corresponding NCs.
After C3E¢D ligand exchange, the C;E¢D AuNCs emission remains at 620 nm but the excitation
varies due to the ligand exchange on the surface, going from 430 nm to 380 nm.3? The presence of
the PEG, in addition increasing the colloidal stability of AuNCs, is also able to increase its

fluorescence intensity (Figure S4a, b), in agreement with previous reports in the case of thiol
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PEGylated ligand,*? by increasing the fluorescence quantum yield (3% for GSH AuNCs and 6%
after C;E¢D ligand exchange). This observation may be attributed to the rigidification of the
external shell permitting to decrease the energy loss due to intramolecular vibrations and
rotations.>*3> The C3E4D AuNCs were kept in solution without any aggregation for one year and
the fluorescence remain almost constant after 120 days (Figure S4c,d). The FT-IR spectra of the
purified C;E¢D-AuNC and GSH-AuNC have been recorded as well as those of the C;E¢D and
GSH alone (Figure S5 a and b). The two ligands exhibit two peaks assigned to amide II and amide
I bonds at 1540cm™!' and 1650cm™!. The presence of the C;E¢D is confirmed by the two peaks
assigned to the methylene vibration at 2922 cm! and 2850 cm™! that are absent in the case of GSH
alone. The same ligand exchange was successfully performed with the CsPEG, negatively charged
derivative bearing an additional undecyl chain as hydrophobic spacer between the tricystein anchor
and the PEG hydrophilic part. Positively charged NCs were prepared with the positively charged
K5CNH,; or MUTAB compounds (Figure S3). Thus, this synthesis including the ligand exchange
step allows to obtain AuNCs of various surface charge which are stable against aggregation in
water, biocompatible and fluorescent with a 620 nm emission wavelength fixed by the nanocluster

size.

Due to their ultra-small size, these biocompatible nanostructures could label lipidic

biomembranes. In this perspective, we investigate the interaction of these gold nanoclusters with

model membranes and EVs from follicular human fluid and how modification of their surface

properties influences this interaction. In this view, Large Unilamellar Vesicles (LUVs, about 100

nm of diameter) were synthesized by extrusion method and their size distribution measured by
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DLS is presented in Figure S6. The positively charged (DOPC/DOTAP 9:1) vesicles were made

to interact with the negatively (C3E¢D AuNCs or CsPEG, AuNCs) and positively charged NCs

(KsCNH,; AuNCs or MUTAB AuNCs). The nanoclusters were prepared from the same batch of

GSH NCs obtained by gold reduction with glutathione used previously. Only the ligand exchange

step was adapted to vary the charge of the NCs (Figure 2a,b).
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Figure 2. Schematic structure of ligand Exchanged (a) negatively charged C;E¢D AuNC- (red) and

(b) positively charged MUTAB AuNC+ (blue). (c¢) Evolution of the zeta potential during the

titration of positively charged DOPC:DOTAP (9:1) Large Unilamellar Vesicles (LUVs)

Liposomes (total lipid concentration 1 mM) with negatively charged C;E<D AuNC- (red) or

positively charged MUTAB AuNC+ (blue). (d) Evolution of the zeta potential during the titration
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of negatively charged exosomes with negatively charged C;E¢<D AuNC- (red) and positively

charged MUTAB AuNC+ (blue).

The titrations of the LUVs and the EVs with oppositely charged AuNCs were performed and the

surface charge evolution was followed by measuring the electrostatic Zeta potential of the vesicles.

In the case of oppositely charged AuNC and LUVs, the Zeta potential decreases indicating that the

negatively charged NCs neutralize the positive surface charge of the liposome until charge

inversion. This behavior is attributed to the saturation of the surface vesicle due to an excess of

negatively charged NCs. Finally the suspension precipitated slowly after the end of the titration.

As the electrostatic interaction between vesicles and AuNC results in a charge reversion of the

vesicles, the AuNC and the vesicles covered with AuNC can further interact to form condensed

precipitate stabilized by electrostatic forces as observed in the case of DNA macromolecules or

Quantum dots and cationic lipids.'* As a control experiment, in presence of positively charged

NCs (MUTAB AuNCs), an initial increase of the zeta potential from 15 to 40 mV is observed due

to the additional contribution of the positively charged AuNCs to the mean zeta potential. When

the AuNCs amount increases, there is no further variation of the Zeta potential and no final

precipitation suggesting that the NCs and the vesicles keep their surface charge, the repulsive
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electrostatic forces preventing colloidal instability (Figure 2c¢). Similar results were obtained by

titration of positively charged liposomes with negatively charged CsPEG, NCs or positively

charged KsCNH; NCs (Figure S7).

The same titrations were performed with EVs extracted from follicular liquid. As previously

observed for liposomes, the negative surface charge of the exosomes was decreased by interaction

with oppositely charged nanoclusters (MUTAB AuNCs) until reaching a plateau whereas no

variation was observed for the surface charge in the presence of equally charged nanoclusters

C3;E¢D NCs (Figure 2d). As a charge reversion was observed during the titration of both, liposomes

or exosomes, a clear interaction between the lipidic membranes through electrostatic is

demonstrated resulting in a precipitation after the charge reversion.

The precipitates were analyzed by two complementary techniques to in-situ investigate the

structuring of nanoparticles/lipidic membranes mixtures.!>!* The SAXS (Small Angle X-Ray

Scattering) of the final precipitate obtained starting from the LUV exhibits the signature of a

lamellar structure (see Figure 3a). Under the conditions of the cryo-TEM microscopy, it is

noticeable that the AuNC are difficult to be detected together with the vesicles. We focus then the

analysis on the vesicle membranes. The corresponding cryo-TEM images of the LUVs alone
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(Figure 3 c,e) and the final precipitate (Figure 3g) reveal the presence of strongly adhered vesicles

in the precipitate induced by the presence of the AuNCs. In the case of the EVs, the SAXS shows

the appearance of two broad peaks corresponding to a lamellar phase (Figure 3b) which is

confirmed by cryo-TEM images of EVs alone (Figure 3 d,f) and the corresponding precipitates

(Figure 3h). Almost all the EVs have disrupted to form condensed lamellar phase whereas the

synthetic vesicles remain only aggregated and adhered without disruption of the vesicular

membrane.
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Figure 3. SAXS of the precipitate obtained at the end of the Zetametry titration study of (a) LUV+

and AuNC- and (b) EVs and AuNC+ after two weeks of incubation time: (orange) precipitate

showing the appearance of two peaks, (black) LUV+, (green) EVs, (red) AuNC- and (blue)

AuNC+ alone. Cryo-TEM images (scale bar 100 nm) of LUV + (c,e,g) and of EVs (d,f,h) at

different magnification without AuNCs (c,e,d,f) and with an excess of C;E<D AuNC- (g,h) at the

end of the Zetametry titration.
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A complementary analysis was performed by SAXS to follow the formation of the lamellar
phase. The X-ray capillaries (diameter 1.5 mm) were filled with a solution of DMPC:DMTAP
(9:1) SUV+ and then the suspensions of C3E¢D AuNC- or MUTAB AuNC+ were added in large
excess on the top to create a contact surface between the two suspensions. Due to the lipid
concentration required for SAXS experiments, Small Unilamellar Vesicles (SUVs) of about 50 nm
diameter (Figure S6c¢,d) were prepared by sonication from a lipid mixture at a higher concentration
(20 mg/mL) following well-known protocols.!# The capillaries were held at room temperature for
48 hours to allow self-diffusion of AuNC and SUV+. The obtained SAXS spectra recorded at
different heights in the capillary confirm the transition from a lamellar lipidic phase corresponding
to the SUV+ alone with two peaks at 0.08 A and 0.16 A-! towards a hybrid phase in presence of
the AuNC- with two peaks at at 0.07 A! and 0.13 A-! (Figure S8a) whereas as no such transition
was observed in the case of the AuNC+ (Figure S8b). In the case of neutral DMPC SUV the
presence of AuNCs does not induce such behavior (Figure S8c,d). In all the cases presented,
through the WAXS analysis it is noteworthly that the lipid chains remain crystalline even in
presence of the NCs. The same SAXS experiments were performed with EVs from human

follicular fluid. As the exosome membrane present a complex composition, the spectra do not
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exhibit clear diffraction peak corresponding to the lamellar lipidic packing (Figures S9). As

controls, MUTAB solutions of various concentration in presence of EVs or not do not present any

oNOYTULT D WN =

10 diffraction peak so that the MUTAB ligand itself is not involved in the change of SAXS EVs
14 spectrum (Figure S10). A slight intensity increase was observed in the range of 0.15 A! only in
17 the case of the Au NC+ that is attributed to the presence of the NCs at the bilayer surface of the
EVs (Figure S9b). As a conclusion, the cryo-TEM images and the SAXS measurements permit to
24 precise that the strong electrostatic interaction between nanoclusters and vesicles results in the

27 formation of a hybrid lamellar phase composed of the lipid membranes and the NCs.
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Figure 4. (a) Cryo-TEM images (scale bar 100 nm) of LUV+ incubated with of C3;E¢D AuNC-.
Optical microscopy Images (scale bar 50 pM) of GUV+ (Giant Unilamellar Vesicles) interacting
with C3E¢<D AuNC- obtained (b) by phase contrast and (c) by fluorescence. (d) SAXS spectra of
DMPC:DMTAP (9:1) positively charged Unilamellar SUV+ alone (in blue) or in presence of

C3E¢D AuNC- (in black) and SAXS spectra of DMPC Unilamellar SUV alone (in red) or in

presence of a suspension of C3E¢D AuNC- (in green). (e) Schematic view and (f) Avogadro
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simulation of AuNCs positioning between the polar heads of membrane phospholipids in the case

of electrostatic attraction.

The cryo-TEM images exhibit black points of strong electron density in the vicinity of the

oppositively charged membranes of LUVs that could be attributed to the presence of AuNCs

(Figure 4a). To confirm this observation, the fluorescence properties of AuNCs were then

exploited to visualize them at the surface of vesicles. Giant Unilamellar Vesicles (GUVs) of

diameter in the micrometer range, were synthetized according to the Water-in-Oil Emulsion

Transfer Methods®¢ and incubated in presence of the NCs. The positively charged GUVs in excess

were incubated for one hour in presence of C;E¢D NCs (negatively charged) and then visualized

under a fluorescence optical microscope which allows to see the location of the fluorescent

AuNCs. The fluorescence is localized on the surface of GUVs (Figures 4b,c), indicating that the

AuNCs were attracted to the opposite charge of the GUVs membrane during the incubation as

already observed in the case of quantum dots.'"* These two experiments suggest that the

nanoclusters are adhering to the membranes in agreement with the progressive neutralization of

the surface charge observed by Zetametry. In view to precise the exact position of the AuNC

nanostructures on the membrane, all the samples were analyzed by SAXS after equilibration of the
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resulting structures. A scattering peak at 0.122 A-! corresponding to the expected membrane
thickness of the SUVs (5.1 nm) was observed and was enhanced in presence of oppositely charged
NCs (Figure 4d). The highest exaltation of the intensity peak occurs for C3E¢<D AuNC- that
strongly interact with DMPC:DMTAP (9:1) SUV+. This increase of the intensity of the scattering
signal is attributed to the increasing number of AuNCs adhering electrostatically with the
membrane. The observed intensity enhancement is attributed to the high gold atomic number
which, by increasing the X-ray scattering contrast, also increasing the signal on the SAXS
spectrum. One can also notice a slight increase of the intensity peak with the DMPC SUV (0)
which are slightly negatively charged due to the orientation of the phosphatidyl choline headgroup
dipole with a mean zeta potential around 10 mV.3” A final important point is that, although the
AuNC:s are positioned on the membrane, enhancing the SAXS signal, there is no shift in the peak
when the vesicles are in excess. This indicates that NCs do not vary the thickness of the membrane
and, due to their ultra-small size, manage to insert themselves between the polar heads of the
membrane phospholipids (Figure 4e) without increasing the bilayer thickness in the contrary to
others bigger nanoparticles such as quantum dots.!#1516 An Avogadro simulation was performed

as a rough estimation to evaluate if the NC size permit them to insert at the level of the phosphate
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headgroup. A comparison of phosphate headgroup distance with and without NCs is also

schematized in Figure S11 showing that the AuNC could be located at the level of phosphate

groups.

In conclusion, this study gives an overview of the interaction between ultra-small luminescent

gold nanoclusters and lipidic membranes through electrostatic attraction showing that it is possible

to induce strong change in membrane structures or not. The synthesis of aqueous bioactivable and

PEGylated AuNCs suspensions of various charges were obtained according a two-steps process.

The first step consists in the GSH AuNCs preparation in only 2 hours with a dimension of about 2

nm, with a fluorescence excitation peak at 430 nm and an emission peak at 620 nm. Then a ligand

exchange step allowed to bind the AuNCs with thiol groups of different ligands in order to

functionalize them. Following incubation of the AuNCs with oppositely charged vesicles, either

liposomes or EVs, the strong electrostatic attraction resulting in the AuNC adsorption to the

membranes was evidenced by complementary techniques such as Zetametry, fluorescence optical

microscopy, SAXS and cryo-TEM. In presence of an membrane surface excess, AuNCs do not

change the size of the membrane thickness, so they are positioned between the polar headgroups

of the membrane phospholipids in the contrary to larger gold nanoparticles.'® So these ultra-small

ACS Paragon Plus Environment

21



oNOYTULT D WN =

The Journal of Physical Chemistry Letters

and stable gold nanoclusters can serve as biomarkers of lipidic membranes such as human EVs for

in-situ biosensing or drug delivery. In presence of an excess of oppositely charged AuNCs, the

liposomes strongly adhere the one to each other without disrupting their membrane structure

whereas the EVs extracted from human follicular fluid rearrange into an hybrid lamellar phase in

presence of oppositely charged nanoclusters. These ultra-small luminescent nanoclusters could

serve for the design of new hybrid vectors based on the control of their interaction with specific

extracellular vesicles.
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Generals. Human ovarian follicular liquid samples were provided by the Biobank

GERMETHEQUE. The PEGylated ligands were prepared and purchased from Agentide (purity

(HPLC) 85.624%. All the other chemical compounds and solvents were purchased from Sigma

aldrich. The measurements of the mean hydrodynamic diameters were performed at an angle of

173° using a Nanosizer ZEN3600 (Malvern Instruments, England) and collected at 25 °C, without

dilution or filtration. The absorption spectra were performed on a Thermo Scientific™

NanoDrop™ UV-Vis spectrometer. The absolute fluorescence quantum yields were measured

usign a C9920-03 Hamamatsu system by exciting the samples at 410 nm.

Au Nanoclusters Synthesis (AuNC). All glassware used for these synthesis were cleaned in a

bath of freshly prepared aqua regia (HCI:HNOs, 3:1 by volume) and rinsed in water 10 times before

use. The AuNCs solution obtained could be stored at 4 “C for months without significant change

in their optical properties. A freshly prepared aqueous solution of glutathione denoted GSH (50

mM, 1,2 mL) were mixed with 16,8 mL of ultrapure water. The solution was heated in oil bath at

120°C and HAuCl, (20 mM, 2mL) and was rapidly added. The reaction was stopped after stirring

for 3h. An aqueous suspension of orange-emitting GSH AuNCs was formed (2.6 pM). Then a

freshly prepared aqueous solution of the desired ligand (20 mM, 1000 eq / Au) (C;E¢D, KSCNH2
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or MUTAB) was incubated overnight in presence of the GSH AuNCs. The obtained AuNCs were

purified on centrifugal filter (Amicon-ultra 0.5 device 3kDa, Merk) to remove the ligand excess.

Typically, a freshly prepared aqueous solution of C3EcD (20 mM, 0.390 mL) was overnight

incubated with GSH Au NCs (2.6 uM, 1 mL) suspension in dark at room temperature to obtain the

final CsE¢D AuNCs (denoted AuNC-).

Preparation of Phospholipidic Vesicles (GUV, LUV and SUYV).

Large Unilamellar Vesicles (LUVs). Lipidic stock solutions of DOPC (1 mL at 10 mg / mL) and

DOTAP (98.5 uL., 10 mg / mL) in dichloromethane were prepared. The appropriated lipidic

mixture (total lipid concentration used: 10 mg/mL), either pure DOPC or a molar DOPC:DOTAP

(9:1) mixture, was introduced into a 50 mL vial and the organic solvent was evaporated with a

rotary evaporator (Biichi Heating Bath) (40 ° C, 100 mbar) to form a lipidic film onto the vial

surface during 30 min. Then, an aqueous sucrose solution (1.2 ml, 50 mM) was added, and the

suspension was successively placed in a liquid nitrogen bath for 30 s and in a water bath at 40°C

for 30 s. The freezing-unfreezing cycle was repeated five times to form the MLV (MultiLamellar

Vesicles). This MLV suspension was then extruded 10 times through a 100 nm diameter

polycarbonate filter in an extruder (Thermobarrel Extruder Lipex Membrane) under a pressure of
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15-10 bar. The mean hydrodynamic diameter of the obtained LUVs was measured to be around

110 £ 20 nm by Dynamic Light Scattering (DLS) (Figure S5a,b).

Small Unilamellar Vesicles (SUVs). a lipid solution is prepared by dissolving 20 mg of DMPC

and 1.74 mg of DMTAP in 2 ml of dichloromethane. Using a rotary evaporator (Buchi Heating

Bath), the dichloromethane is evaporated (40 ° C, 100 mbar) and an aqueous sucrose solution (2

ml, 50 mM) is added to hydrate the as-formed lipidic film. The solution obtained is sonicated using

a titanium ultrasonic probe (Misonix Incorporated) placed at maximum power for 30 minutes.

After centrifugation at 7500 g for 10 minutes to eliminate the possible titanium traces, the

supernatant is then removed and the SUV solution is ready for use. The SUVs average size

estimated by Dynamic Light Scattering was 46+ 16 nm (Figure S5c¢,d).

Giant unilamellar vesicles (GUVs)* A lipid solution was prepared dissolving DOPC or

DOPC:DOTAP (95:5) molar lipidic mixture lipids in chloroform (10 mg / ml). 20 pL of this

solution and 1.8 mL of paraffin oil are mixed and heated at 80 ° C for 30 min in a flask without

cap. Then, the suspension is placed in a desiccator for 20 min in order to evaporate the chloroform

and to obtain the final lipid organic solution. To prepare the GUV, 50 PL of sucrose (500 mM) are

added to 400 PL of lipid solution vortexed for 40 s to form a water-in-oil (w/0) emulsion. Then,
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this emulsion is gently added on the top of a sucrose solution of high viscosity (200 pL, 500 mM

in a second Eppendorf) without mixing. After waiting 10 minutes, the solution is centrifuged for

15 minutes at 18890 g The bottom was transferred into another Eppendorf, redispersed in 300 pl

of glucose (500 mM) and centrifuged again at 18890 g for 5 minutes. After centrifugation, the

bottom solution is taken up and the GUVs are ready to be stored in the refrigerator.

Small-Angle X-ray Scattering (SAXS). X-ray patterns were collected with a Mar345 Image-

Plate detector (Maresearch, Norderstedt, Germany) mounted on a rotating anode X-ray generator

FR591 (Bruker, Courtaboeuf, France) operated at 50 kV and 50 mA. The sample to detector

distance (422 mm) has been calibrated by using silver behenate. The X-ray patterns were therefore

recorded for a range of reciprocal spacing q = 47 sin6/A from is 0.04-1.2 A-! where 0 is the

diffraction angle. The experiments performed with the present set-up provide accurate

measurements of distances between 150 A and 5.2 A. The acquisition time was 1 hour. Samples

were loaded in thin Lindman glass capillaries (diameter 1 + 0.1 mm and thickness 10 um; GLAS,

Muller, Berlin, Germany) sealed with paraffin. The lipid-NCs hybrid complexes were prepared by

mixture of a micromolar concentration NCs solution (10 pL, 1.70 uM NCs concentration) and

millimolar concentration SUV suspension (10 uL., 16 mM total phospholipid concentration) in the
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glass capillaries. All samples exhibited powder diffraction rings, and the scattering intensities as a

function of the radial wave vector were determined by circular integration.

Zeta Potential measurements. The zeta potential measurements were performed using the

Zetasizer ZEN3600 (Malvern Instruments, England) equipped with a He-Ne laser source (A=633

nm). Millimolar concentration solutions of vesicles were loaded into disposable folded capillary

cells Zeta Cell (DTS 1060) and data were collected at 25 °C. A 3 mM vesicle solution was diluted

3 times with 25 mM NaCl to give a 1mM vesicle solution. Its zeta potential was measured and

then a few pL. of NCs (8.7 uM diluted 3 times with 25 mM of NaCl) was added little by little by

making a titration and measuring the zeta potential after each addition. The vesicles zeta potential

was extracted from the inelastic frequency shift of the laser signal scattered by moving charged

colloid under an electric field (applied cell voltage was 15 V).

Spectrofiuorimetry. Photoluminescence measurements were performed on a Jasco FP-8300

spectrofluorometer. The measurements were performed at room temperature on liquid samples.

The wavelength resolution of both the excitation and the emission slits was set to 5 nm, the

response times was 0.5 s, the detector sensitivity was set to medium and the scan speed was 500

nm/min.
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Luminescence Lifetime measurements. Luminescence measurements were performed by

pumping with the 325 nm line of an HeCd laser. The pump power was 0.6 mW over a circular

area with a 1 mm diameter and the laser beam was chopped through an acousto-optic modulator

at a frequency of 55 Hz. The luminescence signal was analyzed by a single grating monochromator

and detected by a photomultiplier tube. Luminescence lifetime measurements were performed

by detecting the luminescence signal at 600 nm after pumping to steady state, switching off the

laser beam and analyzing it with a photon counting multichannel scaler having the signal from the

modulator as a trigger.

Light Optical Microscopy. The fluorescence optical microscopy observations were performed

either under direct bright light and epifluorescence on an inverted microscope IX71 (Olympus,

Japan) equipped with both a 20 x, 0.45 (NA) objectives (Olympus, Japan). NCs solutions were

excited at 365 nm by a high vacuum mercury lamp (200 W). Images were acquired by a

Photometrics CoolSNAP HQ?2 camera equipped with a soft imaging system (Olympus, Japan).

Transmission Electron Microscopy (TEM). Transmission Electron Microscopy analysis were

carried out with with JEOL 2100 transmission electron microscope operated at 200 KV supplied

with UltraScan 1000XP CCD Camera. For the sample preparation, 300 mesh carbon coated nickel
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grids were placed for 1 min on top of a 40 pL sample droplet and dried up with paper. Particle

sizes and interparticle distances were determined from TEM micrographs using Fiji Software.

oNOYTULT D WN =

Cryo-Transmission Electron Microscopy (Cryo-TEM). Vitrification of vesicles was performed

14 using an automatic plunge freezer (EM GP, Leica) under controlled humidity and temperature

17 (Dubochet and McDowall, 1981). The samples were deposited to glow-discharged electron

microscope grids followed by blotting and vitrification by rapid freezing into liquid ethane. Grids

24 were transferred to a single-axis cryo-holder (model 626, Gatan) and were observed using a 200

27 kV electron microscope (Tecnai G> T20 Sphera, FEI) equipped with a 4k x 4k CCD camera

(XF416, TVIPS). Micrographs were acquired under low electron doses using the camera in binning

34 mode 1 and at a nominal magnifications of 25,000x.

39 SUPPORTING INFORMATION

Figure S1: AuNCs fluorescence spectra, fluorescence lifetime and size distribution histogram ;

48 Figure S2: Image of lyophilized AuNCs ; Figure S3 : Chemical structures of AuNCs ligands ;

51 Figure S4 : Excitation and emission Intensity spectra of AuNCs before and after ligand exchange

and purification, DLS and fluorescence spectrum showing the stability of AuNCs after 4 months ;
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Figure S5: FT-IR spectra of the purified C;E¢D-AuNC and GSH-AuNC as well as C;E¢D and GSH

alone. Figure S6 : DLS measurements of LUVs and SUVs ; Figure S7 : zeta potential titration of

LUV+ with KsCNH, and CsPEG4 AuNC:s ; Figure S8 : SAXS spectra of SUV+ and DMPC SUV

interacting with Au NC+ or Au NC-; Figure S9: SAXS spectra of EVs interacting with Au NC+

or Au NC- ; Figure S10 : SAXS of MUTAB alone or in presence of EVs; Figure S11 : Avogadro

simulation of AuNCs interacting with membrane phospholipids.
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