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Membrane-delimited compartments, as lipid vesicles, are ubiquitous in natural and synthetic systems.
The mechanical properties of such vesicles are crucial for several physical, chemical, and biological
processes. However, their accurate determination is still challenging and requires sophisticated
instruments and data analysis. Here we report the first evidence that the surface plasmon resonance
(SPR) of citrated gold nanoparticles (AuNPs) adsorbed on synthetic vesicles is finely sensitive to the
vesicles’ mechanical properties. We leverage this finding to demonstrate that the spectrophotometric
tracking of the SPR provides quantitative access to the stiffness of vesicles of synthetic and natural
origin, such as extracellular vesicles (EVs). This plasmon-based “stiffness nanoruler” paves the way for
developing a facile, cost-effective, and high-throughput method to assay the mechanical properties of

vesicles of nanometric size and unknown composition.

Introduction

Membrane-delimited compartments (e.g., cells, organelles, enveloped viruses, biogenic vesicles, etc.) are
among the basic units of living organisms and widespread structural motifs in bio-inspired nanomaterials,
such as liposomes. Their mechanical properties, which regulate the response to external deformations,

are crucial in a host of biologically-relevant interactions at the nanoscale ¥>. The deformability of



liposomes or polymeric vesicles for drug delivery affects their pharmacokinetics in the bloodstream and
their internalization mechanisms &. The mechanical properties of cells and membrane bound-organelles
are key in numerous biological processes (e.g. cell fusion, growth and differentiation, endo- and
exocytosis, uptake of nanoparticles or viruses -2, etc.) and in the onset of pathological cell conditions -
13, Recent reports have highlighted that the mechanical response of extracellular vesicles, (EVs,
membrane-delimited nanoparticles secreted by all cell types and essential mediators of cell signalling 1*-
18) is a biomarker for malignant conditions of parental cells "8 In addition, the nanomechanics of

pathogens, including viruses with a lipid envelope (e.g. Moloney murine leukemia virus and HIV ) was

recently connected to their infectivity .

Although central in several research areas, the accurate assessment of the mechanical properties of
synthetic or natural vesicles still poses a challenge 22, Traditional methods provide insights into
biologically-relevant descriptors of the mechanical response of the lipid membrane, such as the bilayer’s
bending rigidity 2>%’. However, these techniques are cost- and time-consuming, and often yield discrepant
results, as pointed out in several reports 212223% More recently, techniques that actively probe the
mechanical properties at a whole-vesicle level, rather than those of the lipid shell (e.g. Atomic Force
Microscopy-based Force Spectroscopy (AFM-FS), optical tweezers, etc.) are gaining the central stage 3.
These methods allow determining the overall mechanical response of the vesicle to applied deformations,
i.e., its “stiffness”. The measured stiffness includes contributions both from the membrane shell and the
enclosed volume, accounting for the mechanical properties of the internal pool, volume variations upon
deformation, osmotic imbalance, etc. Unfortunately, the experimental methods proposed so far probe a

single particle at a time and require sophisticated instruments or/and highly experienced users 3.

Here, we propose AuNPs as nanoprobes of the stiffness of membranous nano-objects, with typical
submicron sizes. This approach overcomes many limitations of the currently available methods,
measurements can be performed with an UV-Vis spectrophotometer and limited data analysis is required.
In the following, this communication will (i) explore how the stiffness of liposomes modulates the surface
plasmon resonance (SPR) of AuNPs adsorbed on their membrane and (ii) propose this previously
unnoticed relationship as the working principle of a new, accessible and robust spectrophotometric

method to evaluate the stiffness of both synthetic and natural lipid vesicles of unknown composition.

The SPR of AuNPs is finely sensitive to the chemical environment and the interparticle distance, which
underpins their application as nanoscale probes 32. The coupling between the SPR of proximal AuNPs,

which results from AuNPs close approach or aggregation, was exploited for the first time by El-Sayed and



co-workers as a plasmon ruler ** and is nowadays used in a number of bioanalytical assays 3*3°. The CONAN
(COlloidal NANoplasmonic) assay is a recent example, where the AuNPs SPR shift upon incubation with
EVs is exploited to determine their purity and concentration 3¢73%; in this latter case, the SPR shift arises
from the spontaneous aggregation of AUNPs on the lipid membrane of vesicles (of both synthetic and
natural origin, as EVs). This membrane-induced aggregation has been the focus of several recent
investigations 3°%4, Specifically, the membrane-induced aggregation of AuNPs has been interpreted as on-
off mechanism to date %, switchable by the physical state of the membrane: fluid-phase bilayers,
characterized by free lipid diffusion and low rigidity, would promote aggregation, resulting in a marked
change of AuNPs SPR profile. Conversely, the aggregation of AUNPs would be completely inhibited on
tightly packed gel-phase membranes, characterized by a higher rigidity. Here we demonstrate instead that
the SPR shift of AuNPs shows a functional dependence on the stiffness of synthetic vesicles, which allows
defining a “stiffness nanoruler”. In analogy with the plasmon nanoruler, introduced as distance-sensor 3,
this plasmon-based descriptor leverages the unique sensitivity of AUNPs SPR to determine the mechanical
properties of lipid vesicles. As a proof-of-principle of applicability to complex natural systems, we tested
the assay on EVs, whose stiffness is of prominent relevance in cellular adhesion and uptake #” and a

characteristic that distinguish EVs deriving from malignant and nonmalignant cells 1718,

Results and Discussion

We prepared a library of unilamellar liposomes having a similar average diameter (~ 100 nm) and low
polidispersity indexes (see Supporting Information for details on preparation and characterization) from
a set of synthetic phosphatidylcholines (PC) differing for length and/or degree of unsaturation of the acyl
chains (Figure 1a). The free-standing bilayers, either in the gel or fluid phase at room temperature (Figure
1a), display different rigidities 61, Given their very similar size distributions and the absence of any
osmotic imbalance between the lumen and the external medium, the rigidity of the lipid shells can be

considered the sole responsible for the overall stiffnesses of the vesicles.
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Figure 1. AFM characterization of vesicles stiffnesses. a) Chemical formulas of the four lipids used for the preparation of liposomes
(1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine (POPC) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)); depending on the molecular
composition, the lipid bilayer enclosing a liposome exhibits a different degree of molecular packing at room temperature, which
determines the phase (i.e., fluid or gel) of the membrane. b) AFM force-distances curves for the different vesicles batches, together
with graphical representation of vesicles deformation induced by the AFM tip at two different separation distances. Liposomes
samples are DOPC; POPC, POPC/DPPC (50/50 mol%), DPPC, DPPC/DSPC (50/50 mol%) and DSPC vesicles; c) Stiffness values (N/m)
of the different vesicles, determined through AFM-FS; All error bars represent the uncertainties obtained by bootstrapping (1000

repetitions of 5 draws, with replacement).

Figure 1b reports representative AFM-FS force/distance plots of single-vesicle indentation events for each
lipid 5#°3, The slope of the linear regime occurring immediately after the contact point represents the
stiffness of the vesicles; the stiffnesses in Figure 1c were obtained by averaging the values for multiple
vesicles (see Supporting Information for further details). Taken together, the entire series of stiffness
values measured on the selected library of synthetic PC standards can be regarded as a stiffness gauge in
which the rigidity monotonically increases from DOPC to DSPC vesicles, in line with the literature %%, This

set will be used to validate the stiffness plasmon nanoruler.



The vesicles were then challenged with a water dispersion of negatively charged citrated AuNPs (13 £ 0.6
nm diameter, zeta potential: -36 £ 2 mV), and the changes in the SPR profile monitored after 15 minutes

(Figure 2a).

The AuNPs dispersion in the absence of lipid vesicles shows a well-defined SPR peak centred at 522 nm
(red curve); upon mixing with liposomes, an immediate colour change is visible to the naked eye (inset,
Figure 2a), which clearly depends on the composition of the target membrane. Going from DSPC to DOPC,
we observe colour shifts from red to increasingly dark shades of violet and blue. The variation in the SPR
profile gradually increases as the stiffness of vesicles decreases. Specifically, from the stiffest vesicles
(DSPC) to the softest ones (DOPC), the progressive emergence of a high-wavelength shoulder can be
observed, eventually resulting in a secondary plasmon peak at about 625 nm (see Figure 2a). This new
spectral feature is the hallmark of the aggregation of AuNPs, whose spatial proximity produces the

coupling of the individual AuNPs plasmons.
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Figure 2. AuNPs interaction with lipid bilayers of different stiffness. a) UV-Vis spectra of AuNPs (1.3 nM) incubated with synthetic
vesicles (0.2 nM) (liposomes/AuNPs number ratio 1/100). Inset: visual appearance of the same samples. b) SAXS profiles of NPs
with and without vesicles (1:8 vesicles/NPs ratio). Under these conditions, the scattering from vesicles (subtracted from the
scattering of AuNPs-vesicles mixtures) is negligible and the observed signal is only due to AuNPs. The power law dependence at
low-q is connected to the presence of AuNPs clusters and to their morphology. The power-law exponents for DOPC and POPC, i.e.
-1.54 and -1.5 respectively (see Supporting Information), are consistent with an increasing fractal dimension of clusters as the
stiffness of vesicles decreases. The absence of such power-law for gel-phase liposomes is related to non-aggregated AuNPs,
preserving their original diameter. The right inset is the structure factor (5(q)) vs q, extracted from the high-q range of vesicles/NPs

profiles (see Supporting Information).



To get insights into the structure of AUNPs aggregates, we performed Small Angle X-ray Scattering (SAXS)
for DOPC, POPC, DPPC and DSPC liposomes challenged with AuNPs (Figure 2b).

The power-law dependence in the low-qg region highlights the presence of AuNPs clusters on fluid-phase
bilayers, with a fractal dimension which increases as the stiffness of vesicles decreases (Figure 2b, inset,
and Supporting Information) 5. The spatial correlation between AuNPs was determined from the
structure factor S(q), inferred from the high-q region of the scattering profiles (Figure 2b, inset, and
Supporting Information). The position of the S(q) correlation peaks for fluid-phase liposomes is consistent
with NP-NP center-to-center distances comparable with the particle diameter and decreasing with
vesicles stiffness (14.5 nm and 14.1 nm for POPC and DOPC, respectively). For liposomes in the gel phase,
no low-q upturn of intensity was detected and the positional correlation corresponds to significantly
higher NP-NP distances (i.e., 30.5 nm and 30.2 nm for DSPC and DPPC, respectively), hinting at the

presence of multiple AuNPs adsorbed on the same liposomal surface, but not aggregated.

According to recent reports, the aggregation of AUNPs on lecithin vesicles is switched on and off by the
membrane phase *%: aggregation is inhibited on gel-phase bilayers (e.g. DPPC and DSPC at r.t.) and
promoted by fluid-phase membranes (e.g. DOPC and POPC at r.t.), with no dependence on the molecular
composition for bilayers in the same phase %%, Conversely, the UV-Vis and SAXS data here shown provide
additional insights, highlighting that -in these experimental conditions- AuNPs clustering on lipid vesicles
is not abruptly switched-on by varying the membrane physical state, but is rather modulated by the

membrane stiffness in a “continuous fashion”.

This dependence can be exploited to set-up a UV-Vis spectroscopic assay to probe the mechanical
properties of lipid vesicles. With this aim, we analysed the optical spectra to extract a quantitative
descriptor. The so-called “stiffness index”, S.1., (see Figure 3a), accounting for the main variations in the
AuNPs SPR profile, was used to build-up an empirical ‘“AuNPs spectral response’ vs ‘vesicles’ stiffness’
scale. The S.I. for each AuNPs/vesicles hybrid is calculated dividing the area subtended by the absorbance
spectrum in the 560-800 nm range by the area relative to the total spectral range (350-800 nm). The
results are then normalized for the S.I. of neat AuNPs (which is then equal to 1 by definition) to obtain

positive integer values of S.I., which gradually increase with increasing AUNPs aggregation extent.
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Figure 3. Quantification of Liposomes-induced variation in the AuNPs SPR profile. a) Visual description of the stiffness index
(S.1.); b) S.1. values (blue spots) with relative errors bars plotted as a function of membrane stiffness. The red curve is the sigmoidal
curve fit, while the grey dashed curve is the first derivative of the sigmoidal curve fit with respect to stiffness (see Supporting Info
for details on fitting parameters). c) Mechanism of interaction between AuNPs and vesicles characterized by different stiffness.
The adhesion of an AuNP on a soft membrane is followed by a significant AuNP wrapping by the membrane, resulting into AuNPs
aggregation on the vesicle surface. The AuNP docking on a stiffer membrane results in a lower wrapping extent, preventing AuNPs

clustering.

Figure 3b reports the S.I. (blue dots) obtained for the liposome set plotted as a function of vesicles
stiffness, obtained from AFM-FS measurements (Figure 1). Each point represents the average value

obtained from five independent batches, which highlights a particularly high reproducibility.

The dependence of the S.I. on stiffness can be expressed by a sigmoidal law, with the following expression:

with S the stiffness obtained from AFM-FS and a, b, c and d constant fitting parameters (see red profile in

Figure 3b for the best fitting curve and Supporting Information for further details).

For this set of synthetic vesicles, having superimposable size distributions and a luminal content identical

to the external medium, the stiffness differences observed in AFM-FS are only due to a membrane



contribution, which results from the different composition of the bilayers. As it is well-stablished, the
mechanical response of a lipid bilayer is mainly controlled by its bending rigidity 2!, quantified by the
bilayer bending modulus. Therefore, in these experimental conditions, it is the bilayer bending modulus
that determines the overall stiffness of the vesicles and in turn the extent of AuNPs aggregation (i.e. the

S.1).

Interestingly, in a recent simulation Lipowsky and co-authors *® report a sigmoidal correlation between
the wrapping efficiency of spherical NPs interacting with model membranes and the bilayer bending
modulus. This relation holds for fixed NPs radius and membrane-NPs adhesion energy, which perfectly

matches our experimental conditions (i.e. NPs of defined size and vesicles with fixed PC headgroups).

This finding is fully in line with a recent report %, where AuNPs wrapping, modulated by the membrane
bending modulus, is recognized as the main driver for the membrane-templated aggregation of AuNPs,

through the mechanism sketched in Figure 3c.

The dependence of the S.I. on the stiffness of vesicles (egn. 1) allows a quantitative estimate of the
mechanical properties of membrane-enclosed compartments of unknown composition. The method here
proposed possess high sensitivity and reproducibility. In fact, it is able to robustly discriminate systems
with very close stiffnesses, as POPC and DOPC vesicles, whose mechanical properties are usually not

distinguishable with many other techniques 5**’.

In addition, the presence of a sigmoidal law, which exhibits the highest variation of S.1. in the central region
of the selected set of stiffnesses (see grey dashed curve of Figure 3b, representing the first derivative of
the sigmoidal fit) provides maximum sensitivity in the region where the rigidities of natural membranes

usually fall (i.e. 0.02-0.025 N/m >8).

We chose EVs to further validate the method and to provide evidence of its applicability on membranous
nanoparticles which are more challenging both in terms of compositional and structural complexity, as
well as in analyte availability. Specifically, we assayed a sample EVs from the murine cell line TRAMP-C2,
with size and z-potential similar to the PC synthetic liposomes (see Supporting Information for details).
The EVs were separated from the cell culture medium and characterized at the best of the current state
of the art *%, by the protocols described in Paolini et al. (medium EVs) . The morphology of EVs was
investigated by liquid imaging AFM (see Figure 4a), showing the characteristic spherical cap shape of EVs

adhered onto a substrate and an average diameter of 74.3 nm (refer to Supporting Info for further details).
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Figure 4. Quantification of Liposomes-induced variation in the SPR profile of AuNPs. a) Representative AFM image of EVs; b)
Sigmoidal trend of the S.I. as a function of membrane stiffness. The EVs’ S.1. (1.23), evaluated through UV-Vis spectroscopy, and
stiffness, predicted by the sigmoidal law (0.026 N/m), are reported as green points in the graph. The green error bar represents
the stiffness interval obtained through AFM-FS for EVs. The right inset reports the UV-Vis spectra of AuNPs (1.3 nM) in the presence

of synthetic PC vesicles (dashed curves) and natural EVs (solid green curve) at a lipid concentration of 0.04 mg/ml.

The stiffness of EVs, determined through AFM-FS as previously described for PC liposomes, falls in the
middle of the stiffness interval defined by the synthetic standards used for calibration (0.025 + 0.004 N/m),
in between the values obtained for DPPC and DPPC/POPC vesicles (see Figure 1c). EVs were mixed with
AuNPs in the same conditions (AuNPs/vesicles number ratio, incubation time and temperature) previously
employed for synthetic liposomes and the SPR profile change of AuNPs was recorded through UV-Vis

spectroscopy (right inset of Figure 4b).

In full agreement with the AFM analysis, this SPR profile variation, S.I. = 1.23 £ 0.01, is intermediate
between the ones of DPPC, S.I. =1.16 +0.01, and DPPC/POPC, S.l.= 1.377 + 0.005. This result demonstrates
that the correlation between AuNPs aggregation and vesicles stiffness, observed in liposomes, also holds
for the case of far more complex nanosized vesicles of biological origin. More importantly, the value of
stiffness estimated from the S.I. of the AuNPs/EVs hybrid according to the calibration trend (i.e., 0.0259 +
0.0005 N/m) falls right in the middle of the EVs stiffness range determined through AFM (Figure 4b): this
striking agreement proves the predictive ability of this new optical method, showing that the
nanoplasmonic properties of AuNPs can be effectively harnessed to assess the stiffness of membrane-

confined objects with high sensitivity.



Conclusions

The determination of the stiffness of synthetic and natural vesicles is particularly challenging. Here, we
show that the SPR of AuNPs can be exploited to quantify this property: combining UV-Vis spectroscopy,
Small Angle X-ray Scattering and AFM-based force spectroscopy, we prove that AuNPs aggregation,
induced by the interaction with lipid membranes and quantified by an empirical index S.1., exhibits a clear
dependence on the mechanical properties of synthetic vesicles. This dependence, expressed by a
sigmoidal law, can be used to estimate the stiffness of biological membrane compartments, e.g. EVs, of
unknown composition and properties. Similarly to the plasmon ruler developed by El-Sayed et al.33, where
the SPR of AuNPs are used to probe their mutual distance, we define a “stiffness nanoruler”, where the
plasmon resonance is applied to probe the nanomechanics of a target membrane. This method, proposed
here for the first time, requires commonly available instrumentation, is very reproducible and sensitive,
and permits the analysis on sample quantities as small as 15 pl (with a concentration of EVs in the 108 M
range), which represents a game-changer for precious biological samples, otherwise intractable.
Moreover, differently from other methods (e.g., AFM, micropipette) which probe the stiffness of single
objects, it allows for the determination of ensemble-averaged stiffness, where possible variability across

the population is considered.
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Supporting Information

Supplementary Materials and Methods
Materials

Tetrachloroauric (Ill) acid (= 99.9%) and trisodium citrate dihydrate (> 99.9%) for the synthesis of AuNPs
were provided by Sigma-Aldrich (St. Louis, MO). 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (>99%),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (= 98.0%), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) (>99%) and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) (>99%) for the
liposomes preparation were provided by Sigma-Aldrich (St. Louis, MO). All chemicals were used as
received. Milli-Q grade water was used in all preparations.

Synthesis of citrated AuNPs

Anionic gold nanospheres of 16 nm in size were synthesized according to the Turkevich-Frens method %2,
Briefly, 20 mL of a imM HAuCIl4 aqueous solution was brought to boiling temperature under constant and
vigorous magnetic stirring. 2 mL of 1% citric acid solution were then added and the solution was further
boiled for 20 minutes, until it acquired a deep red color. The nanoparticles dispersion was then slowly
cooled down to room temperature.

Preparation of liposomes



The proper amount of lipid was dissolved in chloroform and a lipid film was obtained by evaporating the
solvent under a stream of nitrogen and overnight vacuum drying. The film was then swollen and
suspended in warm (50 °C) milliQ-water by vigorous vortex mixing, in order to obtain a final 4 mg/ml lipid
concentration. The resultant multilamellar liposomes in water were subjected to 10 freeze-thaw cycles
and extruded 10 times through two stacked polycarbonate membranes with 100 nm pore size at room
temperature, to obtain unilamellar liposomes with narrow and reproducible size distribution. The
filtration was performed with the Extruder (Lipex Biomembranes, Vancouver (Canada)) through
Nuclepore membranes.

Preparation of liposomes/AuNPs hybrids

The hybrid samples preparation procedure for Figure 2a of the main text is the following: 20 uL of
liposomes (previously diluted to a final lipid concentration of 0.04 mg/ml) or extracellular vesicles were
placed inside a 500 pL UV-Vis plastic cuvette. Then 100 L of citrated gold nanoparticles (6.7-10° M, see
“Synthesis citrated Gold Nanoparticles” and “Supplementary Characterization of Gold Nanoparticles” of
Sl) were added, in order to have a final concentration (inside the cuvette) of ~ 5:10** M and of ~ 5:10° M
for liposomes and AuNPs, respectively, and AuNPs/liposomes number ratio of ~ 100. Samples were
incubated for 15 minutes, then the UV-Vis spectra were recorded.

The hybrid samples preparation procedure for Figure 2b of the main text is the following: fixed volumes
(768.9 uL) of AuNPs dispersion (6.7:10° M) were added to 20 uL of liposomes (see Table S4 of SI for
liposomes concentration), in order to have a final AuNPs/liposomes number ratio of ~ 8. Samples were
incubated for 15 minutes, then placed in glass capillaries of 1 mm diameter and Small-Angle X-Ray profiles
acquired.

UV-vis spectroscopy

UV-Vis spectra were measured with a JASCO UV-Vis spectrophotometer.

Small Angle X-ray Scattering

SAXS measurements for the characterization of AuNPs were carried out on a S3-MICRO SAXS/WAXS
instrument (HECUS GmbH, Graz, Austria) which consists of a GeniX microfocus X-ray sealed Cu Ka source
(Xenocs, Grenoble, France) of 50 W power which provides a detector focused X-ray beam with A = 0.1542
nm Cu Ka line. The instrument is equipped with two one-dimensional (1D) position sensitive detectors
(HECUS 1D-PSD-50 M system). Each detector is 50 mm long (spatial resolution 54 um/channel, 1024
channels) and covers the SAXS g-range (0.003< q <0.6 A ~!). The temperature was controlled by means of
a Peltier TCCS-3 Hecus. The analysis of SAXS curves was carried out using Igor Pro.3 SAXS measurement on
AuNPs aqueous dispersion was carried out in a sealed glass capillary of 1.5 mm diameter. To analyze gold
nanospheres’ curves we chose a model function with a spherical form factor and a Schulz size
distribution:?, it calculates the scattering for a polydisperse population of spheres with uniform scattering
length density. The distribution of radii is a Schulz distribution given by the following equation:
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where Rayg is the mean radius, x = R/Ra and z is related to the polydispersity. The form factor is normalized
by the average particle volume, using the 3rd moment of R:
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The scattering intensity is:
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where Ny is the total number of particles per unit volume, F(R) is the scattering amplitude for a sphere
and Ap is the difference in scattering length density between the particle and the solvent.

SAXS measurements for the characterization of AuNPs/liposomes hybrids were collected at beamline ID02
at the European Synchrotron Radiation Facility (ESRF, Grenoble, France) ®. A scattering vector (of
magnitude q) range of 0.007< g < 0.2 nm™ was covered with two sample—detector distances (1 and 10 m)
and a single-beam setting for an X-ray monochromatic radiation wavelength with a wavelength of A =0.10
nm (12.46 keV). The beam diameter was adjusted to 72.4 um in the horizontal (x) direction and 42.3 um
in the vertical (y) direction (full width at half-maximum at the sample). Assuming a Gaussian distribution,
the portion of the beam that is hitting outside the channel can be estimated. When the channel is
centered, this is ~0.3% but closer to the edge and more beam overlaps the edge. The beamstop diameter
was 2 mm. As a detector, a 2D Rayonix MX-170HS with a pixel size of 44 x 44 um? was used, which was
housed in an evacuated flight tube, at a sample-to-detector distance of alternatively 10 m (leading to an
available g-range of 0.007-0.02 nm™) or 1 m (leading to an available g-range of 0.07-0.2 nm™). The
exposure times for the background- and sample measurements were 0.5 s for the case of 1 m sample-to-
detector distance and 0.3 s for the case of 10 m sample-to-detector distance. Measured scattering
patterns were normalized to an absolute intensity scale after applying standard detector corrections and
then azimuthally averaged to obtain the one-dimensional intensity profiles, denoted by | (q).

Atomic Force Microscopy (AFM)
Surface Preparation and Sample Deposition

All AFM experiments were performed on poly-L-lysine (PLL) coated glass coverslips. All reagents were
acquired from Sigma-Aldrich Inc (www.sigmaaldrich.com) unless otherwise stated. Microscopy
borosilicate glass slides (15mm diameter round coverslips, Menzel Glaser) were first immersed in a 3:1
mixture of 96% H2S04 and 50% aqueous H202 (‘oxidising piranha’) solution for 2 h in order to remove
any organic residue present on their surface; after that, they were cleaned in a sonicator bath (Elmasonic
Elma S30H) for 30 minutes in acetone, followed by 30 minutes in isopropanol and 30 minutes in ultrapure
water (Millipore Simplicity UV). Clean slides were incubated overnight in a 0.0001% (w/v) PLL solution at
room temperature, thoroughly rinsed with ultrapure water and dried with nitrogen. A 10 pl-droplet of the
vesicle-containing solution under study was deposited on a PLL-functionalized glass slide and left to



adsorb for 10 minutes at 4°C, then inserted in the AFM fluid cell (see below) without further rinsing. The
concentration of each vesicle-containing solution was adjusted in order to maximize the surface density
of isolated, individual vesicles and minimize clusters of adjoining vesicles.

AFM Setup

All AFM experiments were performed in ultrapure water at room temperature on a Bruker Multimode
(equipped with Nanoscope V electronics, a sealed fluid cell and a type JV piezoelectric scanner) using
Bruker SNL-A probes (triangular cantilever, nominal tip curvature radius 2-12 nm, nominal elastic constant
0.35 N/m, calibrated with the thermal noise method.

AFM Imaging

Imaging was performed in PeakForce mode. In order to minimize vesicle deformation or rupture upon
interaction with the probe, the applied force setpoint was kept in the 150-250 pN range. Lateral probe
velocity was not allowed to exceed 5um/s. Feedback gain was set at higher values than those usually
employed for optimal image quality in order to ensure minimal probe-induced vesicle deformation upon
lateral contact along the fast scan axis (please refer to Ridolfi et al. © for further details). The average height
value of all bare substrate zones was taken as the baseline zero height reference. Image background
subtraction was performed using Gwyddion 2.53.16 7.

AFM-based Force Spectroscopy (AFM-FS)

The mechanical characterization of vesicles via AFM force spectroscopy was performed by first scanning
the sample (see previous paragraph) to locate individual vesicles. The chosen vesicles were then imaged
reducing the scan size for achieving higher accuracy. We recorded a series of force/distance curves at
multiple XY positions (typically around 64-100 curves arranged in a square array covering the vesicle initial
location) for each individual vesicle. In most cases, only a few curves showed the mechanical fingerprint
of an intact vesicle response to indentation: a linear deformation upon applied pressure during probe
penetration. Of these, we first discarded those curves with probe-vesicle contact points occurring at
probe-surface distances below vesicle height as measured by imaging. Remaining traces (typically 1-3 per
vesicle) were analyzed to calculate vesicle stiffness (kS).

Transmission Electron Microscopy

Transmission electron microscopy (TEM) images were acquired with a STEM CM12 Philips electron
microscope equipped with an OLYMPUS Megaview G2 camera, at CeME (CNR Florence Research Area, Via
Madonna del Piano, 10 - 50019 Sesto Fiorentino). A drop of citrated AuNPs, diluted ten times, was placed
on 200 mesh carbon-coated copper grids with a diameter of 3 mm and a thickness of 50 um (Agar
Scientific) and dried at room temperature. Then, the sample was analyzed at an accelerating voltage of
100 keV.

Dynamic Light Scattering



DLS measurements at 6 = 90° were performed using a Brookhaven Instrument 90 Plus (Brookhaven,
Holtsville, NY). Each measurement was an average of ten repetitions of one minute each and repeated
ten times. The autocorrelation functions were analyzed through the cumulant fitting stopped to the
second order or with Laplace inversion according to CONTIN algorithm, allowing an estimate of the
hydrodynamic diameter of particles.

Z-Potential Measurements

Zeta potential measurements were performed using a Zeta Potential Analyzer (Zeta Plus, Brookhaven
Instruments Corporation, Holtsville, NY). Zeta potentials were obtained from the electrophoretic mobility
u, according to Helmholtz-Smoluchowski equation: { = (n/g) x u with n being the viscosity of the medium,
€ the dielectric permittivity of the dispersing medium. The Zeta Potential values are reported as averages
from ten measurements.

Supplementary Characterization of Gold Nanoparticles

Transmission Electron Microscopy

300 nm

- . :
-
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Figure S1 Representative Transmission electron microscopy (TEM) images of citrated gold nanoparticles acquired
with a STEM CM12 Philips electron microscope, at CeME (CNR Florence Research Area, Via Madonna del Piano, 10 -
50019 Sesto Fiorentino). The sample was placed on a 200 mesh carbon-coated copper grid.

Small Angle X-ray Scattering

The analysis of SAXS curves was carried out using Igor Pro.® SAXS measurements on AuNPs agqueous
dispersion were carried out in sealed glass capillaries of 1.5 mm diameter. To analyze gold nanospheres’
curves we chose a model function with a spherical form factor and a Schulz size distribution:*, it calculates



the scattering for a polydisperse population of spheres with uniform scattering length density. The

distribution of radii is a Schulz distribution given by the following equation:
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where Rqyg is the mean radius, x = R/Rayg and z is related to the polydispersity. The form factor is

normalized by the average particle volume, using the 3rd moment of R:

The scattering intensity is:
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where Ny is the total number of particles per unit volume, F(R) is the scattering amplitude for a sphere

and Ap is the difference in scattering length density between the particle and the solvent. The structural

parameters (Table S1) of citrated gold nanoparticles were evaluated from the SAXS profile of their water

dispersion (Figure S2) according to the models reported in the Materials and Methods section of SI.
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Figure S2 Experimental SAXS curve (red markers) obtained for AuNPs and curve fit (solid black line) according to the
Schulz spheres model from the NIST package SANS Utilities. The size and polydispersity obtained from the fitting
procedure are summarized in the Table S1 below.



Recore (nm) pOly

AuNP 6.5 0.3

Table S1 Structural parameters of the nanoparticles obtained from the analysis of SAXS curves according to the the

Schulz spheres model.

Dynamic Light Scattering and Z-Potential

AuNPs hydrodynamic diameter and surface charge in MilliQ water were evaluated through Dynamic Light
Scattering and Zeta-Potential, respectively, and reported in Table S2.

Dh (nm) Z-Potential (mV)

AuNPs 158+0.3 36+2

Table S2 Hydrodynamic diameter obtained from Dynamic Light Scattering and Zeta Potential values of AuNPs.

UV-vis Spectroscopy
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Figure S3 UV-Vis absorption spectra of AuNPs after 1:5 dilution in water. The plasmon absorption peak is at around
521 nm.

The size of AuNPs was further evaluated from UV-Vis Spectroscopy by the following equation :



Aspr

A4-50

d = exp (B, - By)
with d diameter of gold nanoparticles, Ay, absorbance at the surface plasma resonance peak, A5

absorbance at the wavelength of 450 nm and B, and B, are dimensionless parameters, taken as 3 and
2.2, respectively. The diameter value obtained is of 13.5 nm.

The concentration of citrated gold nanoparticles was determined via UV-Vis spectrometry, using the
Lambert-Beer law (E(A) = €(A)Ic), taking the extinction values E(A) at the LSPR maximum, i.e. A =521 nm.
The extinction coefficient €(A) of gold nanoparticles dispersion was determined by the method reported
in literature °, by the following equation:

In (¢) = kin(d) + a

with d core diameter of nanoparticles, and k and a dimensionless parameters (k = 3.32111 and a =
10.80505). The arithmetic mean of the sizes obtained by optical and scattering analyses was selected,
leading to a g(A) of 2.8:108 Mlcm™. The final concentration of the citrated AuNPs is therefore ~5.6-10° M.

Supplementary Characterization of Liposomes

Dynamic Light Scattering and Zeta-Potential

Dn (nm) Zeta P
DOPC 118.6 £0.2 -l6£1
POPC 103.8+0.1 -19+3
POPC/DPPC  92.1+£0.2 22+1
DPPC 115.7+0.1 -13+1
DPPC/DSPC  104+0.2 -10£1
DSPC 127.7+£0.2 -19+1

Table S3 Hydrodynamic diameter obtained from Dynamic Light Scattering and Zeta Potential values of synthetic
liposomes.



Evaluation of Liposomes concentration

The lipid concentration in the starting colloidal dispersion was estimated to be 4 mg/mL from the initial
lipid and water amounts employed in the formation and swelling of lipid films (see “Preparation of
liposomes” in the Materials and Methods section), assuming the absence of lipid loss due to the extrusion
procedure. The liposomes concentration in the final dispersion was subsequently calculated considering
the hydrodynamic diameter of each liposomal batch (Table S3 of SI). In particular, from the liposomes’
average diameter, the liposomal surface area (surface area=4mr?) can be calculated; the doubled surface
can be subsequently divided by the lipid cross section (0.5 nm?) in order to obtain the lipid number per
liposome, assuming that approximately one half of the lipids is localized in the external leaflet of a
liposomes, since the bilayer thickness, about 4-5 nm, is negligible with respect to the liposomes’ average
diameter. Eventually, the total weighted lipid concentration was divided by the total number of lipids per
liposome, yielding the real liposome concentration, which is reported in Table S4 for each liposomes’
dispersion.

Concentration (M)

DOPC 3.2-10°8
POPC 3.1-10°®
POPC/DPPC  3.6-10°®
DPPC 3.1-10°®
DPPC/DSPC  3.8-10°

DSPC 3.5-108

Table S4 Final liposomes’ concentration in each liposomal batch.

Supplementary Characterization of EVs

Zeta Potential

The Zeta Potential of EVs dispersion in milliQ water was measured as described in the “Material and

Methods” section of Sl and is equal to -21 + 3 mV.



AFM characterization of synthetic and natural lipid vesicles

AFM Mechanical Characterization

According to the Canham-Helfrich theory, the mechanical response of a vesicle to an applied force is
elastic; this behavior is reflected in the linear relationship between the force and tip penetration, in the
AFM force-distance curves, right after the contact point (see Fig.1b in the main text). Calculating the slope
of this linear part, gives the value of the vesicle stiffness, a mechanical parameter that accounts for
multiple contributions, the most relevant being the intrinsic membrane rigidity (the bending modulus)
and the vesicle luminal, i.e. internal, pressure. The latter contribution describes the vesicle pressurization
following the deformation applied by the AFM tip. This deformation generates a volume variation that
increases the pressure within the vesicle. While the bending modulus is an intrinsic descriptor of the lipid
membrane bending rigidity, the internal pressure and hence the stiffness depend on the size of each
vesicle. Indeed, the volume variation associated with a given tip penetration varies with the vesicle size
(i.e. the same penetration will result in higher volume variations for smaller vesicles); as a consequence,
vesicles that are heterogenous in size will be subjected to different pressurizations following similar
indentation events. However, both the measured liposomes and EVs are characterized by low
polydispersity, this allows considering the stiffness a size-independent parameter. Moreover, since all the
tested liposomes were characterized by similar size distributions and same polar headgroups, they will
experience similar pressurizations and electrostatic attractions to the substrate; as a result, we can
assume that changes in their stiffness are entirely ascribable to differences in their membrane rigidity,
which can be recapitulated by the bending modulus. Membrane rigidity may vary depending on the phase
behavior of the lipid bilayer, a temperature dependent parameter. All the measurements were performed
at 28°C, where neat DOPC and POPC vesicles are in the fluid phase, while DPPC and DSPC ones are in the
gel phase. In fluid-state membranes, lipid molecules can diffuse freely within the bilayer plane, while in
gel- state membranes lipids are more tightly packed and their motion is more constrained. As a
consequence, gel- phase bilayers are expected to be stiffer than fluid- phase ones. Our results from the
Force Spectroscopy FS analysis (Figure 1c, main text) confirms this behavior, with DPPC and DSPC vesicles
being substantially stiffer than DOPC and POPC ones. Two other important parameters that can affect the
stiffness of a lipid bilayer are the chain length and its degree of saturation; e. g. DSPC possesses two fully
saturated chains, longer than all the other measured ones, resulting in the highest measured stiffness.
Overall, the obtained stiffness values for neat DOPC, POPC, DPPC and DSPC vesicles (Figure 1c, main text)
are in good agreement with results from recent AFM-FS investigations on similar vesicles '°. Another
interesting aspect to highlight is that the stiffnesses measured for the hybrid lipid vesicles (POPC/DPPC
and DPPC/DSPC) have intermediate values with respect to liposomes made of the two pure components.

AFM-based characterization of EVs size distribution and concentration

AFM imaging was employed to obtain the size distribution of the EVs sample. A total of 179 EVs were
imaged; from the topography of the AFM images, assuming the vesicle surface area conservation and by
applying simple geometric consideration (see Ridolfi et al.?! for further details) it is possible to obtain the



values of the diameter that the vesicles would have had in solution, prior to their adsorption to the surface
(we refer to this parameter as “Size”). Figure S4 displays the size distribution for the EVs sample used in
this study. The measured EVs have a mean size of 74 nm with a standard deviation of 30 nm.
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Figure S4: EVs size distribution obtained from the AFM imaging analysis. The size of the EVs (reported in the
horizontal axis), indicates the diameter that the vesicles would have had in solution, prior to their adsorption.

AFM imaging was also used to estimate the starting concentration of the EVs sample. To do this, we
compared the number of DPPC liposomes (coming from a solution with a known concentration and having
a size distribution similar to the EVs) adsorbed on the glass surface with the number of EVs adsorbed on
the same glass surface. This represents only a qualitative procedure and it is based on different
assumptions: i) the interactions of DPPC liposomes with the glass surface are similar to the EVs ones, ii)
the recorded images are representative of both the vesicles samples, iii) the size distributions of the two
samples are similar to each other. The concentration of the DPPC starting solution is 0.02 mg/ml; analysing
the AFM images, we recorded a total of 329 vesicles in 4 different images, giving an average of 82.25
vesicles per image. Measuring EVs from TRAMP cells, we sampled 5 images, obtaining a total number of
166 EVs; 33.20 EVs per image. From proportionality considerations, it is possible to estimate the
concentration of the EVs, spotted on the glass coverslips, using the following expression:

DPPC concentration (mg/ml):DPPC liposomes per image=EVs concentration (mg/ml) :EVs per image
From the expression we obtained a concentration of 0.008 mg/ml for the EVs sample. Since the EVs
starting solution have been diluted six times before being spotted on the glass surface, the starting
concentration is- 0.048 mg/ml.



Supplementary Characterization of liposomes/AuNPs hybrids
Small-Angle X-Ray Scattering

SAXS measurements on liposomes/AuNPs hybrids were recorded at ID02 beamline, ESRF (Grenoble,
France), using a sample-to-detector distance of 10 m. The analysis of SAXS curves was carried out using
Igor Pro3. SAXS measurements on liposomes/AuNPs aqueous dispersion were carried out in sealed glass
capillaries of 1 mm diameter.

The SAXS profiles of DOPC liposomes/AuNPs and POPC liposomes/AuNPs in Figure 2b were fitted
according to a linear fit in the 0.0695-0.1142 nmg-range, to obtain the slope values reported in the main
text (-1.5404 £ 0.00297 for DOPC and -1.4987 + 0.00612 for POPC). The fitting yielded a chisquare of
0.000239052 and 0.00106975, for DOPC/AuNPs and POPC/AuNPs respectively.

The SAXS results of inset of Figure 2b were collected at ID02 beamline, ESRF (Grenoble, France), using a
sample-to-detector distance of 1 m.

The scattering intensity (I(q)) is defined by the following equation:
I(q) = KNV, (Ap)*P(q)S(q) + B

With k instrumental constant, N, scattering nanoparticles’ number per unit volume, V, nanoparticle’s
volume, Ap contrast of the experiment, B background intensity, P(q) e S(q) form and structure factors,
respectively.

In order to obtain the structure factor of the liposome/AuNPs complex, we divided the scattering intensity
of the liposomes/AuNPs hybrid by the scattering intensity of the neat AuNPs dispersion (at a suitable
dilution of 1:10):

(@) Hyb . S(@DHypP (@ Hyb
1(@)np S(@)npP(@)NP

For a diluted AuNPs dispersion the structure factor can be considered equal to 1. In addition, in the high-
q region (0.1-1.6 nm?), the form factor of liposomes/AuNP hybrids can be approximated to the one of
neat AuNPs, leading to the following:
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The mean interparticle distance between the AuNPs within the aggregates (d) can be obtained from the
S(q) vs q (nm?) plot (see inset of Figure 2b of the main text), by the following equation:

2T

gmax

With gmax q value corresponding to the maximum of the correlation peaks reported in the inset of figure
2b (main text).

UV-Vis Spectroscopy

The S.I. mean values for each liposomes/AuNPs mixtures are reported in Table S5, together with the
relative standard deviation obtained from five repeated measurements on different samples (see
“Preparation of liposomes/AuNPs hybrids” of Sl).

S.IL
DOPC 1.456 £ 0.002
POPC 1.438 £ 0.001
POPC/DPPC  1.377 +0.005
DPPC 1.16 £0.01
DPPC/DSPC  1.127 £0.003
DSPC 1.026 £ 0.006

Table S5 S.I. mean value and standard deviation for each liposomes/AuNPs hybrid.

The fitting parameters describing the sigmoidal best fit (eqn. 1 of the main text) for the S.I. values of
liposomes plotted versus the AFM-determined stiffness, reported in Figure 3b of the main text, are the

following:
a b c d Chi square
1.4831 + -0.51151 + 0.026043 + | 0.0063004 + 0.0015
0.0485 0.131 0.00266 0.00265

Table S6 Fitting parameters obtained by fitting the S.I. vs stiffness values of Figure 3c (main text) through the

sigmoidal best fit (refer eqn 1 of main text for description of parameters).

The extent of AuNPs aggregation was also evaluated using different optical indexes, both taken from

literature and defined in our lab.




In particular, as an alternative to the bending index defined in the main text, which is based on the
determination of the area under the absorbance curve associated to AuNP aggregation, we defined
another optical parameter (S.l. (2)). This alternative bending index allows evaluating AuUNPs aggregation
extent by calculating the intensity difference between the free AuNPs primary plasmon band (at 521 nm)
and the aggregated AuNPs secondary plasmon peak, whose maximum is located at about 625 nm (see
Figure S4). This result is then divided by the wavelength interval (AA) between the two peaks and
normalized for the S.I. of neat AuNPs.
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Figure S4 Visual description of the S.1. (2) evaluation.

We also selected another optical index from literature (A.1.conan) ¥ *2, which is commonly used to
describe the aggregation of AuNPs on natural and synthetic vesicles and defined as follows:

Is54
Al =
CONAN ™ T 450 + Igoo

with 551, Ig50 and Igoo UV-Vis absorbances at 521, 650 and 800 nm respectively.

Both the S.I. (2) and the A.I.;onan Show a sigmoidal behaviour as a function of membrane stiffness, as
reported in Figure S5 and Table S7.

S.I.(2) A L conan

DOPC -0.1965 + 0.0004 0.785+0.014

POPC -0.14+0.03 0.83+0.17




POPC/DPPC  0.12+0.03 1.02 +0.05

DPPC 0.71 £0.06 1.99 +0.24
DPPC/DSPC  0.76 £ 0.01 2.36 £ 0.05
DSPC 1.04 +£0.02 3.28+£0.24

Table S7 S.1. (2) and A.l. conan mean values and standard deviations for each liposomes/AuNPs hybrid.

a -0.30138 £ 0.189 a 0.5762 £ 0.392

b 1.4174 £ 0.387 Index (5.1.(2) or -"l;-l- CONAN b 6.8394+12.2
=a+

c 0.023456 + 0.00288 A o (c — Stjﬂ'ness) c 0.042282 + 0.0296

d 0.0062381 + 0.00288 p d d 0.0096876 £ 0.00795

chi square 0.018 chi square 0.042
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Figure S5 S.I. (2) and A.l. conax mean values and as a function of membrane stiffness. The sigmoidal fit curve is shown
in black, together with the corresponding equation and fitting parameters (top inset).



