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Abstract

The widely overlapping physicochemical properties of lipoproteins (LPs) and extra-
cellular vesicles (EVs) represents one of the main obstacles for the isolation and
characterization of these pervasive biogenic lipid nanoparticles. We herein present
the application of an atomic force microscopy (AFM)-based quantitative morphom-
etry assay to the rapid nanomechanical screening of mixed LPs and EVs samples.
The method can determine the diameter and the mechanical stiffness of hundreds
of individual nanometric objects within few hours. The obtained diameters are in
quantitative accord with those measured via cryo-electron microscopy (cryo-EM);
the assignment of specific nanomechanical readout to each object enables the simul-
taneous discrimination of co-isolated EVs and LPs even if they have overlapping size
distributions. EVs and all classes of LPs are shown to be characterised by specific com-
binations of diameter and stiffness, thus making it possible to estimate their relative
abundance in EV/LP mixed samples in terms of stoichiometric ratio, surface area
and volume. As a side finding, we show how the mechanical behaviour of specific
LP classes is correlated to distinctive structural features revealed by cryo-EM. The
described approach is label-free, single-step and relatively quick to perform. Impor-
tantly, it can be used to analyse samples which prove very challenging to assess with
several established techniques due to ensemble-averaging, low sensibility to small
particles, or both, thus providing a very useful tool for quickly assessing the purity
of EV/LP isolates including plasma- and serum-derived preparations.

KEYWORDS
extracellular vesicles, lipoproteins, nanomechanics

Extracellular vesicles (EVs) are membranous nanoparticles released by cells as mediators of physiological and pathological
processes. They are able to shuttle nucleic acids, proteins and lipids to distant targets and are considered key players of
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intercellular communication (Maas et al., 2017). Lipoproteins (LPs) are a class of nanobioparticles pervasively found in interstitial
fluid (Busatto et al., 2020; Sloop et al., 1987), plasma and serum (Freitas et al., 2019; Geeurickx 2020), as well as in conditioned
culture medium (Zhang et al., 2020) and milk (Hu et al., 2021). Their primary function is the dispersion of lipids to facilitate their
transport and delivery (Ramasamy, 2014).

LPs have sizes, densities and surface compositions overlapping those of EV's (Busatto et al., 2019; Simonsen, 2017); moreover, in
most sources the relative abundance of LPs is several orders of magnitude higher than EVs in terms of number density (Johnsen
etal,, 2019). Due to this, detecting and separating LPs in EV preparations is very challenging (Botha et al., 2022). As a consequence,
EVsand LPs are often co-isolated from several sources, notably including plasma and serum (Brennan et al., 2020; de Rond et al.,
2019; Holcar et al., 2021; Sédar et al., 2016; van der Pol et al., 2018). The detection and quantification of LPs in complex samples
are thus key issues for the overall reproducibility of EV research (Nieuwland et al., 2022) and for the study of EV/LP functional
interplay (Busatto et al., 2020, 2022). However, many of the most widespread nanoparticle characterisation techniques fail to deal
with the extremely wide range of sizes and densities encompassed by different LPs classes; due to this, LP assessment remains
problematic (Merk et al., 2017; Nieuwland et al., 2022), and several successful attempts to apply nonstandard approaches to the
issue are reaching the scientific literature as we write (Kashkanova et al., 2022; Sych et al., 2023).

Recently, atomic force microscopy (AFM)-based nanomechanics have been established as a valuable tool to assess EV iden-
tity, purity and function (LeClaire et al., 2021): EVs have been shown to display a specific nanomechanical fingerprint which is
detectable via force spectroscopy (Piontek et al., 2021; Vorselen et al., 2017) and which can be leveraged to discriminate between
different EV populations (Sorkin et al., 2018; Vorselen et al., 2018). We recently implemented a single-particle nanomechanical
screening based on quantitative AFM morphometry which considerably increases analytical throughput (Ridolfi, Brucale, et al.,
2020), making it possible to rapidly detect co-isolated, non-vesicular contaminants (Ridolfi, Brucale, et al., 2020; Ridolfi, Caselli,
etal., 2020) and to give an estimate of their abundance relative to that of EVs (Borup et al., 2022). Conversely, the nanomechan-
ical behaviour of LPs is still sparsely characterised, the first studies having appeared only very recently (Bairamukov et al., 2022;
Piontek 2022; Plochberger et al., 2017).

We first formulated the working hypothesis that the same method we developed for EVs (Ridolfi, Caselli, et al., 2020) might
be applicable to LPs and thus be able to differentiate between LP subtypes on a nanomechanical basis. To test the validity of this
hypothesis, we applied the AFM method mentioned above to a set of commercially isolated LPs and to two models of human
EVs with different size distributions and biogenesis pathways: human Cardiac Progenitor Cell EVs (hCPC-EVs) (Andriolo et al.,
2018) and human Red Blood cell derived EVs (RBC-EVs) (Usman et al., 2018).

We find that our method is able to discern the specific nanomechanical fingerprint of individual LP subclasses and EVs, thus
enabling the detection, quantification and size distribution determination of specific subpopulations in complex EV/LP mixtures.
As a proof of concept, we show that our method can perform the single-step, label-free determination of an ultracentrifuged
plasma sample, determining the size distributions of individual LP/EV subtypes in the mixture and estimating their relative
abundances. As a side finding, we note how the mechanical behaviour of specific LP classes is correlated to distinctive structural
features as detected by cryo-EM.

2 | MATERIALS AND METHODS
2.1 | EVsand LPs samples preparation

Low Density (LDL), High Density (HDL) and Very Low Density (VLDL) lipoproteins were acquired from MyBioSource (San
Diego, CA); Intermediate Density Lipoprotein (IDL) were purchased from LSBio (Seattle, WA), Chylomicrons were purchased
from BioVision (Waltham, MA). Red blood cells EVs (RBC-EVs) were separated from healthy donors’ red blood cells (see Sup-
porting Information) as described elsewhere (Usman et al., 2018). Human Cardiac Progenitor Cell EVs (hCPC-EVs) were isolated
as described elsewhere (Andriolo et al., 2018). Platelet-free plasma from healthy donors was purchased from Cerba Xpert (Saint
Ouen L'Aumone, France) and centrifuged at 100k X g for 120 min; after removing the supernatant, the resulting pellet was resus-
pended in 200 uL of PBS. Ultrapure water was prepared with a Millipore Simplicity UV apparatus. All other reagents were
acquired from Sigma-Aldrich Inc. (www.sigmaaldrich.com) unless otherwise stated.

2.2 | BCA assay

Protein concentrations in lipoprotein and EV samples were determined with Pierce™ BCA Protein Assay Kit (ThermoFisher,
Rockford) according to manufacturer instructions. Twenty-five microliters of samples or BSA standards were pipetted into the
microplate wells; 200 pL of working reagent was added in the plate and incubated at 37°C for 30 min. The plate was read at 560
nm on the plate reader (HiPo MPP-96 Microplate Photometer, Biosan, Riga, LV).
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2.3 | Lipid assay

Lipid concentrations were determined with a Lipid Quantification Kit (Cell Biolabs, Inc). Fifteen microliters of analyte or of a
DOPC standard were added to 150 pL of 18 M H,SO, and successively incubated at 90°C for 10’ and at 4°C for 5. One hundred
microliters of the mixture were transferred into a 96-well plate and added with 100 pL of the sulfo-phopsho-vanillin reagent. The
plate was incubated for 15 min at 37°C and read with the plate reader (HiPo MPP-96 Microplate Photometer, Biosan, Riga, LV)
at 520 nm wavelength.

2.4 | Western blotting

Eight microliters of (5X) Laemmli buffer were added to 32 uL of LPs/hCPC-EV's solutions. Samples were then heated for 10" at
95°C. Proteins were separated by SDS-PAGE (4%-20%, Mini-Protean TGX Precast protein gel, Bio-Rad) and transferred onto a
nitrocellulose membrane (BioRad, Trans-Blot Turbo). Nonspecific sites were saturated with a TBS-T solution (0.05% Tween-20)
with 1% BSA for 1 h. For RBC-EV samples, 20 ug proteins of both RBC lysate and RBC-EV's were loaded. Proteins were separated
by SDS-PAGE (10% polyacrylamide) and transferred onto a PDVF membrane. Nonspecifc sites were saturated with a PBS-T
solution (0.05% Tween-20) with 5% (w/v) fat-free dried milk for 1 h at 37°C. Membranes were incubated overnight at 4°C with:
mouse anti-LAMPI (1:1000 Santa Cruz Biotechnology, USA), anti-HBB (1:1000 Abnova, Jhouzih St., Taipei, Taiwan), mouse anti-
Band 3 (1:1000 Santa Cruz Biotechnology) and mouse anti-Flotillin 1 (1:500, Santa Cruz Biotechnology). For hCPC-EV samples,
membranes were incubated overnight at 4°C with anti-CD63 (1:500, ThermoFisher, Rockford, USA, 10628D), anti-CD81 (1:500,
BD Bioscience, New Jersey, USA, 555675), anti-GRP94 (1:1000, Abcam, Cambridge, UK, 238126), anti-Syntheninl (1:1000, Abcam,
Cambridge, UK, 133167), anti-Calnexin (1:1000, Abcam, Cambridge, UK, 133615), anti-TSG101 (1:1000, Abcam, Cambridge, UK,
125011). For LPs samples, membranes were incubated with anti-ApoAl (1:1000, Santa Cruz, CA), anti-ApoE (1:500, Santa Cruz,
CA) and anti-ApoB (1:500, Santa Cruz, CA). After washing with TBS-T, membranes were incubated with horseradish peroxidase-
conjugated (Jackson ImmunoResearch, Tucker, GA) secondary antibodies diluted 1:5000 in TBS-T with 1% BSA for 1 h. After
rinsing, the signal was developed using Bio-Rad Clarity Western ECL Substrate (Bio-Rad) and imaged using a Chemidoc XRS+
(BioRad).

2.5 | Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was performed according to the manufacturer’s instructions using a NanoSight NS300 sys-
tem (Malvern Technologies, Malvern, UK) configured with a 532 nm laser. Samples were diluted in micro-filtered PBS; the ideal
measurement concentrations were identified by pre-testing the ideal particle per frame value (20-100 particles/frame). A syringe
pump with constant flow injection was used and three videos of 60 s were captured and analyzed with Malvern NTA software
version 3.4. From each video, the mean, mode, and median EVs size was used to calculate sample concentration, expressed as
nanoparticles/mL. It was not possible to analyse HDL, LDL and IDL samples because the particles diameter is below the detection
range of the instrument.

2.6 | Dynamic Light Scattering (DLS) and {-potential

Samples were diluted in micro-filtered (0.22 um) PBS to a final volume of 3 mL. Dynamic light scattering (DLS) was performed
on a 90Plus particle size analyser from Brookhaven Instrument Corporation (Holtsville, NY) operating at 15 mW of a solid-state
laser (A = 661 nm), using a scattering angle of 90°. Each sample was equilibrated at 25°C for 3’ prior to measurement. Mie theory
was used to calculate the hydrodynamic diameter (Hd), considering absolute viscosity and refractive index values of the medium
to be 0.890 cP and 1.330, respectively. The {-potential was determined at 25°C using the same instrument equipped with an AQ-
809 electrode, operating at applied current 150 mA. The {-potential was calculated from electrophoretic mobility based on the
Smoluchowski theory, assuming a viscosity of 0.890 cP and a dielectric constant of 78.5.

2.7 | Cryo-electron microscopy
Three microliters of each sample were applied on glow-discharged Quantifoil Cu 300 R2/2 grids, then plunge-frozen in liquid

ethane using a FEI Vitrobot Mark IV (Thermo Fisher Scientific) instrument. Excess liquid was removed by blotting for 1 s (blot
force of 1) using filter paper fewer than 100% humidity at 10°C. Cryo-EM data were collected at the Florence Center for Electron
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Nanoscopy (FloCEN), University of Florence, on a Glacios (Thermo Fisher Scientific) instrument at 200 kV equipped with a
Falcon III detector operated in the counting mode. Images were acquired using EPU software with a physical pixel size of 2.5 A
and a total electron dose of ~50 e~/A? per micrograph. The diameters of individual EVs and LPs were estimated by averaging
the minimum and maximum Feret diameter of their projection via Fiji (Schindelin et al., 2012). Measurements from several
individual objects were pooled (N between 42 and 106 for different samples) to reconstruct diameter distributions.

2.8 | Atomic force microscopy

AFM imaging was performed on poly-L-lysine (PLL)-coated glass coverslips prepared following a revised version of the proto-
col described in Ridolfi, Brucale, et al. (2020) which optimises reproducibility. Microscopy glass slides (15 mm diameter round
coverslips, Menzel Glaser) were first incubated for 2 h in a 3:1 (v:v) 96% H,SO,/30% H,O, ‘piranha’ solution, rinsed extensively
in ultrapure water, cleaned in a sonicator bath (Elmasonic Elma S30H) for 30’ in acetone, followed by 30’ in isopropanol and 30’
in ultrapure water, and finally activated with air plasma (Pelco EasiGlow) for 5 followed by immediate immersion in ultrapure
water. Clean slides were then incubated for 30" in a 0.01 (mg/mL) freshly prepared PLL solution in 100 mM, pH 8.5 borate buffer
at room temperature, thoroughly rinsed with ultrapure water and dried with a gentle nitrogen flow. Following this protocol, the
water contact angle (1 uL droplets at ~25°C, measured with a GBX DigiDrop goniometer) of functionalised slides was 35° + 3°.

A 10 pL droplet of the sample was deposited on a PLL-functionalised glass slide and left to adsorb for 30 min at 4°C, then
inserted in the AFM fluid cell (see next paragraph) without further rinsing. The concentration of each sample was adjusted by
trial and error in successive depositions in order to maximise the surface density of isolated, individual objects. Some of the
commercial LP samples (e.g., HDL) needed to be diluted up to 10° times to avoid the formation of clusters of adjoining objects.

All AFM experiments were performed in ultrapure water at room temperature on a Bruker Multimode8 equipped with
Nanoscope V electronics, a sealed fluid cell and a type JV piezoelectric scanner using Bruker ScanAsystFluid+ probes (triangular
cantilever, nominal tip curvature radius 2-12 nm, nominal elastic constant 0.7 N/m) calibrated with the thermal noise method
(Hutter 1993).

Imaging was performed in PeakForce mode as described elsewhere (Ridolfi, Brucale, et al., 2020); in particular, applied force
was kept below 500 pN, scanning velocity under 5 um/s and feedback gain was set to significantly higher-than-usual values to
minimise scanning artefacts. Image background subtraction was performed using Gwyddion 2.58 (Necas, 2012). Image analysis
was performed with a combination of Gwyddion and custom Python scripts to recover the surface contact angle and equivalent
solution diameter of individual objects (Ridolfi, Brucale, et al., 2020) as well as their surface area and volume (Figures S4 and S5).
Equivalent solution diameter (D.4) and equivalent spherical cap contact angle (CA) distributions were reconstructed by pooling
the AFM morphometry measurements of several individual objects (N between 135 and 510 for different samples).

3 | RESULTS AND DISCUSSION
3.1 | Characterisations of isolated LPs and EV's

Commercial purified LP samples (HDLs, IDLs, LDLs, VLDLs and Chylomicrons), together with hCPC-EVs and RBC-EVs, were
first characterised by different techniques including NTA, Dynamic Light Scattering (DLS), {-potential determination and West-
ern Blot. For all LP samples, protein and lipid contents were measured by BCA and sulfo-phospho-vanillin assays. All the results
of these characterisations were in line with expected values or outcomes for each LP subclass, including, for example, their aver-
age size, {-potential, protein/lipid ratio and the immunodetection of LP-associated apolipoproteins. Analyses of both hCPC-EV's
and RBC-EVs were in agreement with previously published data (Andriolo et al., 2018; Usman et al., 2018). Full details of the
characterisations are reported in the Supporting Information.

3.2 | Ultrastructure of LPs and EVs via cryo-EM

We then collected Cryo-EM micrographs of each LP and EV purified sample employed in the study (see Section 2), finding that
recurring ultrastructural details were associated to specific samples (Figure 1a,b).

In particular, EVs appeared as being delimited by a high-contrast boundary (red arrows) decorated with disordered material
(green arrows), most probably corresponding to the lipid bilayer and the associated membrane proteins and glycans. Sporadically,
hints of discrete internal cargo (yellow arrows) could also be detected (Figure 1a).

Among LPs, only VLDLs and Chylomicrons were delimited by high-contrast boundaries (red arrows), while HDLs, IDLs and
LDLs did not show significant differences in contrast between their inner and external regions (Figure 1b). No sign of external dec-
oration or internal cargo was detectable in any of the LP samples. A substantial proportion of chylomicrons and VLDLs showed
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FIGURE 1 (a) Representative cryo-EM images of individual hCPC-EV’s (top row) and RBC-EVs (bottom row). All scalebars are 100 nm. Several
recurring structural features are visible: a high-contrast boundary corresponding to the bilayer (red arrows), external decoration (green arrows), and occasional
hints of luminal cargo (yellow arrows). (b) Top row - representative cryo-EM images of purified LPs. All cryo-EM scalebars are 100 nm. Compared to EVs,
recurring LPs structural features include the lack of decoration and luminal cargo. Chylomicrons and VLDLs show high-contrast boundaries (red arrows)
similar in appearance to those displayed by EVs, while LDLs, IDLs and HDLs do not show any discontinuity between bulk and surface. Bottom row -
representative liquid AFM images of purified LPs. All AFM scalebars are 200 nm.

concentric boundaries, which might correspond to the EM projection of either multilamellar or highly corrugated objects. While
the univocal attribution of this pattern to a specific structure is challenging, we note that very similar micrographs were previously
reported for samples possibly containing these classes of LPs (Bairamukov et al., 2022; Emelyanov et al., 2020; Gallart-Palau et al.,
2015). It is interesting to note how the small size and low contrast of HDLs concur to make them harder to detect and measure
in comparison to all other samples, putting them at the practical limit of the technique in this context.

3.3 | Single-particle size distributions via cryo-EM and AFM

Cryo-EM and liquid AFM are widely applied to the characterisation of vesicle morphology (Robson et al., 2018). Both techniques
can be employed to measure the diameters of several individual vesicles, thus reconstructing their size distribution without
resorting to ensemble-averaging. Since EM micrographs can be effectively regarded as two-dimensional projections of the sample
(Almgren et al., 2000), and the shape of intact vesicles in solution is essentially spherical, cryo-EM gives direct access to vesicle
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FIGURE 2  Comparison of size distributions obtained from cryo-EM image analysis (blue dots and frequency plots) and D, distributions calculated from
AFM morphometry (orange dots and frequency plots). The two methods largely agree on the modes of all distributions.

diameters via simple circular fits of their boundaries (Figure S4). We first analyzed cryo-EM micrographs of all LPs in the series
to quantify their size distributions. The largest LPs (Chylomicrons and VLDL) were found to have regular spherical shapes, and
their diameters were determined as those of EVs by simple circular fits of their outer boundary. Since the shapes of HDLs, IDLs
and LDLs appeared instead to be more irregular (Figure 1b), we assigned each object the average of their minimum and maximum
Feret diameters (Figure 54, see Section 2).

We then recorded AFM micrographs of all LPs (Figure 1b). In contrast to cryo-EM, AFM micrographs cannot convey spherical
diameters by direct measuring; however, they contain the three-dimensional profiles of vesicles after deformation due to surface
adhesion forces. Most of the recent AFM-based studies agree that vesicles adopt a spherical cap shape upon adsorption on a sur-
face, largely preserving their initial bilayer surface area (Ridolfi, Brucale, et al., 2020; Vorselen et al., 2017, 2020). Via quantitative
AFM morphometry, it is possible to measure the individual surface areas of spherical caps corresponding to each particle in an
AFM image, then calculate their equivalent solution diameter (Deq), that is, the diameter they had in solution in their original
spherical shape (Figure S4). Since the validity of this approach was previously demonstrated for vesicles only (Ridolfi, Caselli,
et al., 2020), we checked its applicability to LPs by comparing diameter distributions obtained via cryo-EM and AFM (please
refer to Section 2 for details) on the whole series of purified LPs (Figure 2).

The size distributions reconstructed via both techniques were found to be in very good accord (Figure 2), with nearly coinci-
dent main modes and a broad agreement on the position of individual peaks in clearly bimodal distributions (e.g., chylomicrons).
Taken together, these measurements show that the same liquid AFM morphometry method developed for EV's (Ridolfi, Brucale,
et al., 2020) can be used to successfully assess size distributions of LPs, and that its results are in very good quantitative accord
with cryo-EM.

3.4 | Nanomechanics of isolated EVs via AFM morphometry

As previously described (Ridolfi, Brucale, et al., 2020), AFM morphometry can be used to measure the equivalent spherical cap
contact angle (CA) of individual globular objects adhered to the substrate (Figure S4). Collecting the morphometric measure-
ments of several hundred individual objects on a CA versus D, plot makes it possible to quickly quantify their nanomechanical
behaviour.

When the measured object is a pressurised vessel - for example, an intact vesicle - its shape upon adsorption on a surface is well
approximated by a spherical cap, whose CA is representative of the degree of deformation it experienced during the adhesion,
which is in turn determined by its mechanical stiffness (Ridolfi et al., 2021). Due to this, lipid vesicles will appear as ‘horizontal’
clusters of points on the CA/D,, plot, with a narrower dispersion of CA values across the spanned D,4 range than that of non-
vesicular objects (Ridolfi, Brucale, et al., 2020, 2021). The average CA of the cluster will be proportional to the average stiffness
of the objects contributing to form the cluster (Ridolfi, Brucale, et al., 2020).
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FIGURE 3  (a) CA/Dq plot of isolated hCPC-EVss (red) and RBC-EVs (green). As expected for objects displaying the nanomechanical behaviour of
pressurised elastic vessels, the vast majority of EVs display a range of CAs (75°~135°) which does not change as a function of Dey. In other words, intact EVs
have a conserved stiffness which is relatively constant in the small size range associated with EVs.

(b) CA/Dq plot of each sample in the purified LP series: HDL (orange), IDL (yellow), LDL (green), VLDL (light blue), Chylomicrons (purple). Clusters of
individual EVs from panel (a) are superimposed in semi-transparency for the sake of comparison. Each LP subclass populates a different cluster with marginal
overlap; no LP subtype populates the zone previously associated with EVs. Chylomicrons and VLDLs are characterised by a conserved average CA value,
making their nanomechanical behaviour similar to that of EVs but with lower stiffness. Smaller LPs evidence different (and currently unknown) mechanical
behaviours. (c) CA/D,q plot of an ultracentrifuged plasma sample (black dots), putatively containing a mixture of LPs and EV's as suggested by its comparison
with plots (a) and (b), which are superimposed in semi-transparency. The plot contains the AFM morphometrical measurements of several hundred individual
objects found within the plasma sample, making it possible to estimate the presence of specific LP classes, EVs, and their relative abundance (see Figure S5).

Figure 3a contains the CA/D,q plot of EVs enriched and purified from human cardiac progenitor cells cultures (hCPC-EVs)
(Andriolo et al., 2018) and of red blood cells-derived EVs (RBC-EVs) (Usman et al., 2018). The two EV models have been chosen
as benchmark EVs derived from different biogenetic pathways and bearing non-identical size distributions. Cryo-EM analysis of
hCPC-EVs (see Figure 1a) confirmed that intact EVs constituted the vast majority of objects found in this sample. As expected,
most EVs in both samples tend to populate a characteristic CA range with no dependence on their D, (Figure 3a), suggesting
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that these nanoparticles carry the same nanomechanical fingerprint, that is, similar stiffness independently of their size. Notably,
the same result was also previously obtained on different EV populations deposited on substrates identical to those used in this
study (Borup etal., 2022). Due to this, it is possible to define a zone on the CA/D, plot which is typical of most pressurised EVs.
This zone is delimited by 75° < CA < 135°, and D > 30 nm.

3.5 | Nanomechanics of single-component LP samples via AFM morphometry

We then applied the same morphometry-based nanomechanical assessment to all LPs in the series. As mentioned above, this
approach is in principle only valid for particles characterised by the nanomechanics of pressurised vessels, such as vesicles.
However, the fact that independent AFM and cryo-EM morphometry measurements of LPs give results in quantitative agreement
(Figure 2) is a strong indication that the morphological parameters used to calculate D,y from AFM images (i.e., the height and
projected diameter of adhered objects [Ridolfi, Brucale, et al., 2020]) are as robust geometrical descriptors for LPs as they were
shown to be for EVs. Since CAs are calculated based on the same morphological parameters (Figure S4), our hypothesis is that the
position of individual LPs on the same CA/D, plots used for vesicles could contain an additional layer of information with respect
to what could be inferred from their size distributions alone, even in absence of an established model for the nanomechanics of
LPs.

Following this approach, we found that different classes of LPs form distinct clusters with marginal overlapping between each
other and EVs (Figure 3b). In particular, the clusters of IDLs and LDLs overlap partially, as do those of VLDLs and Chylomi-
crons; it is uncertain whether this is due to cross-contamination resulting from imperfect separation, or to a high degree of
physicochemical similitude between compositionally different populations. Nevertheless, none of the LP clusters populates the
zone previously assigned to EV's on the CA/D,, plot, and each LP cluster has a distinctly different centroid even when marginally
overlapping other clusters as discussed above.

It is important to note that it would be impossible to distinguish some of the samples based on their size distributions alone. For
example, there is a significant overlap in sizes between EV's and larger LPs such as VLDLs and Chylomicrons, as well as between
all the smallest LP subclasses. Conversely, combining the CA and D, values of each nanoparticle enables the differentiation
between different LP subtypes and EVs, and gives hints about their nanomechanical behaviour.

In particular, VLDLs and Chylomicrons - despite exhibiting EV-compatible sizes — show a much lower average CA, meaning
that their mechanical stiffness is lower than that of intact EVs. Interestingly, they both form horizontal clusters with conserved
CAs, which - as discussed above - strongly indicates a ‘vesicle-like’ nanomechanical behaviour. Intriguingly, they also are the
only LPs to show high-contrast boundaries in cryo-EM; while the structural details of these boundaries remain unclear, it seems
logic to link their presence to the ability to withstand pressurisation and thus mechanically act as elastic pressurised vessels.

Conversely, LPs not displaying a high-contrast boundary at cryo-EM do not show a ‘vesicle-like” horizontal cluster on the
CA/D,q plot. As such, they do not have a conserved CA and there is no justification to assume they have a well-defined stiffness
value. Due to this, while their CAs are most probably still broadly influenced by their mechanical characteristics, their exact rela-
tionship is at the moment still uncharacterised. It is thus best to rationalise the CAs of HDLs, IDLs and LDLs just as quantitative
descriptors of their general geometry after adhesion. The usefulness of this approach is that their clusters are indeed distinct
from both other LPs and EVs on the CA/D,4 plot; in other words, the CAs of small LPs — while not necessarily a descriptor of
the particles’ stiffness - still allow discriminating between their mechanical behaviour (Figure 3b).

It is important to note that, in the same way as previously discussed for cryo-EM, the very small size of HDLs makes them
a special case for which the applicability of quantitative AFM morphometry must be considered borderline. While probe con-
volution was found to have a very limited practical impact on the nanomechanical assessment of EVs and liposomes (Ridolfi,
Brucale, et al., 2020), HDLs have sizes comparable with the curvature radii of most commercial probes, leading to a considerably
increased convolution weight in their apparent morphology. Due to this, HDLs most probably have artefactually low CAs with
respect to other LPs and EVs; nevertheless, by always using the same probes and substrates, we found that their position of the
CA/D,q plot was very reproducible across multiple batches and experiments.

3.6 | Assessment of a multi-component EVs/LPs mixture via AFM morphometry

Taken together, all the results described in the previous section suggest that individual LP subclasses only span specific combi-
nations of CA and D4 values, which can then be used to define characteristic regions in an CA/D,q plot (Figure S5), in the same
way as it was previously done for EVs. The position on an CA/D,q plot of individual unknown objects found in a mixed EV/LP
sample will thus enable their classification to one specific class of objects.

As a proof of concept, we applied our AFM nanomechanical imaging assay to several hundred (N = 745) individual objects
found in a sample known to contain both EVs and LPs. Ultracentrifugation (UC) is an extremely widespread EV enrichment



RIDOLFI ET AL. @ ISEV 9of12
K | sorm

technique (Gudbergsson et al., 2016) which relies on the different sedimentation rates of individual components in a complex
mixture. However, due to the considerably higher abundance of LPs compared to EV's in blood, UC unavoidably results in the co-
sedimentation of large amounts of LPs, in particular HDLs and LDLs (Simonsen, 2017), together with EVs. We thus centrifuged
a platelet-free plasma sample at 100K g for 120, resuspended the pellet and analysed its contents via liquid AFM morphometry.

Individual points in the resulting CA/D,q plot ended up populating multiple different regions, representative of both EVs
and LPs (Figure 3c). This result is already sufficient to qualitatively assess the presence of EVs and of each class of LPs in the
mixture. In this case, our ultracentrifuged plasma sample contains both EVs and LPs, and the numerically most prominent
clusters correspond to those LP subclasses known to be most abundantly coisolated with EV’s, that is, HDLs and LDLs (Simonsen,
2017).

We have previously determined that the surface densities of synthetic liposome solutions deposited on PLL-functionalised
substrates correlate with their original concentration in solution (Caselli et al., 2021); to check whether the same also holds true for
natural EV/LP mixtures, we deposited the ultracentrifuged plasma sample at various concentrations and measured the resulting
particle surface density (Figure S6). The highly heterogenous plasma sample still showed the same strongly linear correlation
between particle surface density and deposition concentration previously displayed by purified samples, thus suggesting that it is
possible to use their CA/D,q plots to infer further quantitative information on the mixture’s contents. In particular, it is possible
to count individual objects found in each of the zones previously assigned to specific components to obtain a compositional
distribution of the deposited mixture. For example, only 8% of the individual objects found in our ultracentrifuged plasma
sample was found to have EV-compatible sizes and nanomechanics, while HDLs and LDLs accounted for more than half of the
sample’s composition (Figure S5).

Moreover, since AFM morphometry also yields accurate size estimations (see section 3.3) of individual objects corresponding
to each point in the CA/D, plot, it is possible to express the relative abundances of components in a mixture in terms of surface
area and volume instead of number density. For example, EVs were found to constitute 74% of the total exposed surface area of
all objects in the mixed plasma sample, and 94% of their volume, despite their population being only the 8%. Conversely, HDLs,
IDLs and LDLs were measured to collectively constitute less than 1% of the volume despite being more than 70% of the individual
objects.

As stated in previous sections, HDLs proved to be the most problematic class of LPs to characterise via both cryo-EM and
AFM morphometry, even when observed in purified samples. Accordingly, their detection and quantification in complex mix-
tures proved to be even more challenging. In addition to the technical hurdles inherent in their observation (low EM contrast,
small size, significant AFM probe convolution), HDLs in mixed LP/EV samples pose additional challenges due to their relative
abundance compared to other components. In our centrifuged plasma sample, they qualitatively appeared to be the most abun-
dant among all classes of objects, including other LPs; a pervasive layer of abundant small objects possibly corresponding to
HDLs is often visible in EM micrographs of plasma samples (Nieuwland et al., 2022). However, quantitative cryo-EM and AFM
morphometry measurements both necessitate of micrographs in which the analytes appear as discrete, well-resolved objects.
The high relative abundance of HDLs implies that if the mixed sample was diluted up to the point of resolving individual HDLs,
other components would become vanishingly rare in micrographs. Conversely, if the sample is analysed at concentrations at
which other components are found with reasonable frequency, HDLs are too crowded to be reliably detected and measured. This
is what happened in the CA/D,q plot of our ultracentrifuged plasma sample, in which the HDL cluster is clearly populating only
a portion of the zone previously assigned to these LPs (Figure 3b,c), the one corresponding to larger CAs and sizes. Due to these
considerations, it is very likely that the relative amount of HDLs in mixed samples is considerably underestimated.

4 | CONCLUSIONS

We herein demonstrated how the AFM morphometry-based method we previously applied to intact EVs can be seamlessly
extended to the nanomechanical assessment of LPs and complex mixed EVs/LPs samples. Pooling hundreds of individual objects
on the same CA/D,q plot makes it possible to resolve the nanomechanical properties of co-isolated EVs and LPs, and broadly
quantify their abundance, hence providing a very useful tool for quickly assessing the purity of several EV/LP isolates, most
notably including plasma- and serum-derived preparations.

Moreover, we showed how the AFM morphometry-based measurement of D, provides LPs size distributions in very good
agreement with those obtained by cryo-EM. Having access to realistic size estimates of individual LPs/EVs in a mixture makes
it possible to give their relative amounts in terms of surface area and volume in addition to their stoichiometric ratios.

Our AFM-based assay is label-free, single-step and relatively quick to perform when compared to current alternatives. In our
experience, the analysis of a typical mixed sample of unknown composition such as the ultracentrifuged plasma described in the
previous paragraphs require a total time of around 12 (non-consecutive) hours by an expert user; this figure includes deposition
concentration optimisation, AFM imaging, and subsequent semi-automated image analysis. Around 5 uL of a sample containing
10'° particles/mL are usually sufficient for multiple technical repetitions.
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The method herein described does not involve preparative steps which could adversely impact the sample integrity such as
drying or staining; it can be performed in buffers and cell culture media. Importantly, it can be used to analyse samples which
prove very challenging to assess with several established techniques due to ensemble-averaging, low sensibility to small particles,
or both. Current quantitative shortcomings of our assay are mostly linked to the presence of HDLs. Further studies might allow
to give better estimates via empiric calibration procedures.

To date, single-particle nanomechanical studies on LPs (Bairamukov et al., 2022; Gan et al., 2015; Piontek 2022; Plochberger
et al,, 2017) remain sparse, with no clear consensus on the most appropriate mechanical model to apply. Some of them are
based on theoretical frameworks such as Derjaguin-Muller-Toporov or Hertzian contact mechanics, whose applicability to the
mechanical behaviour of pressurised vessels is questionable. A more thorough mechanical characterisation of LPs, while certainly
auspicable, would necessitate appropriate mechanical models for each type of LP, which are at the moment not available. In this
context, our approach proved to be crude but effective, being able to leverage nanomechanics to discriminate between EVs and
LPs which cannot be resolved by size alone.
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