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Abstract
Lipoproteins (LPs) are micelle-like structures with a similar size to extracellular vesi-
cles (EVs) and are therefore often co-isolated, as intensively discussed within the
EV community. LPs from human blood plasma are of particular interest as they are
responsible for the deposition of cholesterol ester and other fats in the artery, causing
lesions, and eventually atherosclerosis. Plasma lipoproteins can be divided accord-
ing to their size, density and composition into chylomicrons (CM), very-low-density
lipoproteins (VLDL), low-density lipoproteins (LDL) and high-density lipoproteins
(HDL). Here, we use atomic forcemicroscopy formechanical characterization of LPs.
We show that the nanoindentation approach used for EV analysis can also be used to
characterize LPs, revealing specific differences between some of the particles. Com-
paring LPs with each other, LDL exhibit a higher bending modulus as compared to
CM and VLDL, which is likely related to differences in cholesterol and apolipopro-
teins. Furthermore, CM typically collapse on the surface after indentation and HDL
exhibit a very low height after surface adhesion both being indications for the pres-
ence of LPs in an EV sample. Our analysis provides new systematic insights into the
mechanical characteristics of LPs.

KEYWORDS
atomic forcemicroscopy (AFM), chylomicrons (CM), high-density lipoproteins (HDL), lipoproteins (LPs),
low-density lipoproteins (LDL), mechanical properties, very-low-density lipoproteins (VLDL)

 INTRODUCTION

Lipoproteins (LPs) are nano-sized particles synthesized by the liver as well as the intestine. Surrounded by a single layer of
phospholipids with outward facing hydrophilic head, cholesterol and apolipoproteins, the hydrophobic core of LPs is filled with
triacylglycerides and cholesterol esters. This structure makes LPs ideal candidates for the transport of phospholipids, cholesterol
and triacylglycerides within the body. LPs transporting these substances can be extracted from human blood plasma and can
be divided into several subclasses: chylomicrons (CM), very-low-density lipoproteins (VLDL), low-density lipoproteins (LDL)
and high-density lipoproteins (HDL). Figure 1 shows schematic representations of these particle types alongside some char-
acteristics, for example composition and density. Due to the size and density overlap with extracellular vesicles (EVs) LPs are
often co-isolated when working with EVs. Such contaminated samples are being intensively discussed within the EV community
(Simonsen, 2017; Sódar et al., 2016; Théry et al., 2018). Isolation, identification and characterization of different subpopulations
of particles in plasma, such as tumor-derived EVs, platelet-derived EVs and LPs is challenging. These challenges have various
reasons: EVs and LPs are heterogeneous, there is limited knowledge on the chemical composition of EVs, the number of lipopro-
teins in blood outnumber EVs and isolation methods do not effectively separate EVs from LPs nor are they well-standardized
(Coumans et al., 2017; Ramirez et al., 2018; Théry et al., 2018; van der Pol et al., 2014). The isolation protocol used determines
the separation quality of EVs and LPs (Busatto et al., 2022). Currently, isolation procedures combining ultracentrifugation and
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F IGURE  Schematic representation of different LPs, their major components and the density of the LP classes investigated in this study. Numbers are
reproduced from (Kostner & Laggner, 2019). Schematic representations are inspired by (Chiva-Blanch & Badimon, 2019). CM: Chylomicrons; VLDL: very-low
density lipoproteins; LDL: low-density lipoproteins; HDL: high-density lipoproteins

size-exclusion chromatography are recommended to obtain the most reliable sample separation (Théry et al., 2018). Additional
techniques such as western blot can be used to identify specific LP markers, for example ApoB-100 as LDL marker and ApoA-I
as HDL marker to validate/exclude the presence of LPs (Sun et al., 2019). Alongside with EVs, which are composed of a lipid
double-layer surrounding their hydrophilic core, LPs are widely studied. Next to studies of the function of LPs, they are studied
as markers in therapy, as potential drug delivery vehicles, for example for cancer treatment (Chaudhary et al., 2019), for their role
in viral infections, for example SARS-CoV-2 (Kocar et al., 2021), and for their relation to atherosclerotic cardiovascular disease
(Pownall et al., 2021). Despite extensive research on the role and metabolism of LPs, the knowledge on mechanical properties of
these particles remains limited.
In order to fill this gap and to compare LPs mechanical properties to that of EVs, we apply an atomic force microscopy (AFM)

nanoindentation approach (Roos et al., 2010; Vorselen et al., 2017, 2018). Recently, this method was used to describe the mechan-
ical behavior of liposomes (Vorselen et al., 2018), red blood cell EVs in healthy and diseased state (Vorselen et al., 2018), as well
as liposomes with membrane-associated proteins (Sorkin et al., 2020), by a Canham-Helfrich theory-based indentation model
(Vorselen et al., 2017). Here, we used this approach to systematically investigated the mechanics of CM, VLDL, LDL and HDL
from human blood plasma. It allowed for single particle investigation of LPs, providing information about their morphology as
well as their stiffness and bending moduli. In addition, the behavior of LPs during indentation was compared to the behavior
of previously investigated EVs. We confirm the expected size differences of the various LP samples and reveal a higher bending
modulus of LDL compared to VLDL and CM. The small size of HDL excluded the determination of their bending modulus.
Comparing these results with previously published data on the size and mechanics of EVs (Sorkin et al., 2018; Vorselen et al.,
2018), we observe qualitative and quantitative differences as well as similarities between EVs and LPs.
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PIONTEK and ROOS  of 

 MATERIALS ANDMETHODS

Lipoprotein samples. Different types of LPs were purchased as stated below and kindly provided to us by Leon Terstappen and
Agustin Enciso-Martínez (Universiteit Twente, The Netherlands). All types of LPs were acquired from human blood plasma. CM
were purchased from Sigma-Aldrich Chemie N.V., The Netherlands (SRP6304) with a purity of≥ 95 % (SDS-PAGE), as specified
by the provider. VLDL were purchased from Sigma-Aldrich Chemie N.V., The Netherlands (437,647) with a purity of ≥ 95 % of
total LP content by electrophoresis, as specified by the provider. LDL were purchased from Merck KGaA, Darmstadt, Germany
(437644) with a purity of ≥ 95 % of total lipoprotein content by electrophoresis, as specified by the provider. HDL sample had a
purity of ≥ 95 % (SDS-PAGE), as stated in the manufacturer’s specifications, and were purchased from Sigma-Aldrich Chemie
N.V., The Netherlands (L8039).
AFM experimentswere conducted as previously reported (Vorselen et al., 2017, 2020). In brief: LPs were deposited on poly-L-

lysine (PLL) coated glass coverslips. The coverslips were immersed in a 96 % ethanol, 3 % concentrated HCl solution for 10 min
in order to clean the coverslip. Hereafter, the coverslips were coated for 1 h in a 0.001 % poly-L-lysine (Sigma) solution. This
step was followed by two times rinsing with ultrapure water and final drying at 37◦C overnight (at least for 5–6 h). The coated
coverslips were stored at 7◦C and used within 1 month.
A PLL-coated coverslip was glued to a glass slide using conventional transparent superglue. Next a glass ring was glued on

top of the coverslip using JPK bio-compatible glue (Bruker) in order to build a chamber to hold the liquid in place. CM, VLDL
and LDL samples were 120x diluted with freshly filtered PBS (0.2 µm polyetersulfone membrane filters from VWR Interna-
tional (catalogue number: 28145–501)). The HDL sample was diluted 240x with freshly filtered PBS. The sample was mixed
gently by pipetting. Next 10 µl of sample was added onto the center of the PLL-coated glass coverslip. The chamber was filled
with freshly filtered PBS, which serves as imaging buffer. The lipoproteins were imaged in QI™ mode (quantitative imag-
ing mode) on a JPK NanoWizard Ultra Speed setup situated on an inverted microscope (Olympus IX83). The force set point
during imaging was typically < 100 pN, pixel time was set to 8.0 ms and z-length was typically set to 40 nm. Imaging was
performed at room temperature (∼22◦C). After imaging a single particle completely, half an image was captured to validate
the position of the particle before once indenting its center with a maximum force of 0.4-0.5 nN, and then directly multiple
times with higher forces (5-6 nN). The extend speed of the cantilever during indentation was set to 0.3 µm/s throughout all
experiments. The sampling rate was set to 1024 Hz and the z-loop was closed. Please note, that during some experiments the
‘low force’ indentation was not recorded as it was observed that the particles collapse during retraction of the tip. Both before
and after indentation of the particle, the tip was checked for contamination (e.g. proteins, lipids) by recording the cantilever
response by pushing it on the glass surface until a set force of ∼6 nN was reached, while recording a force distance curve.
A non-linear response typically indicates contamination on the tip. After indentation, another image was recorded to check
for movement or collapse/changes of the particle. Quartz-like cantilevers (qp-BioAC, Nanosensors) with a nominal stiffness
of 0.06 N/m and tips with a nominal tip radius < 10 nm were used. Individual cantilevers were calibrated by using thermal
tuning.
AFM image analysis was performed as previously reported (Vorselen et al., 2017, 2020). Both images and force curves were

processed using JPKData Processing Software (version 6.1.131). Cross sectionswere taken for each particle along the fast-scanning
axis in order to analyze the shape and the size of the particle. Circular arcs were fit to the data above half of the maximum height
to obtain the radius of curvature Rc and the height of the particle. The tip radius was subtracted (10 nm as provided by the
manufacturer). Recorded force distance curves were corrected for the offset and subsequently the data was exported and further
analyzed in Origin (version 2019). The radius R0 of the particles in solution was calculated under the assumption of surface area
conservation as described previously (Vorselen et al., 2017).

AFM FDC analysis was performed as previously reported (Vorselen et al., 2017, 2020). In brief: The cantilever response was
measured on the PLL-coated glass surface and fitted linearly. The resulting fit was subtracted from the measured response when
indenting lipoproteins, to obtain force indentation curves (FDCs, see alsoVorselen et al., 2020).Due to interference in the baseline
of the recorded force distance curves, the contact point was determined manually during offset correction. The height obtained
from the arc fit (AFM image) was compared to the height obtained from the force indentation curve to verify indention of the
particle’s center. The height from the force indentation curve was obtained by determining the distance from contact point,
when the tip touches the particle, until pushing on the substrate (see also Vorselen et al., 2020). The stiffness of LPs was found
by fitting a straight line in the interval between 0.02 and 0.1 Rc. For finding the tether force two lines with slope 0 were fit to the
last detachment of the tether in the retraction curve before reaching the baseline again. The difference of the two intersects was
calculated and identified as tether force. Only adhesion events extending beyond the contact point were included. Tethers with
forces> 0.25 nN were excluded, since they could correspond to double tethers, as reported previously (Vorselen et al., 2018). For
fitting to the theory, described in detail elsewhere (Vorselen et al., 2017), the sum of the squared log Euclidian distance between
the theoretical curve and the individual experimental data points was thenminimized by adjusting 𝜅 as a single fitting parameter.
Confidence intervals were estimated using the bias corrected percentile method with 500 bootstrapping repetitions, for which a
set of observed value combinations equal in size to the original data set was randomly drawn and fitted.
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 of  PIONTEK and ROOS

F IGURE  Geometry of lipoprotein particles. (a) Atomic force microscopy (AFM) topography images of single LPs on glass coverslips coated with
poly-L-lysine. Color scale ranges from 0 to 70 nm in all images. Scale bars are 20 nm. Inset in HDL panel shows a zoom in on the particle with a color scale
ranging from 0 to 7 nm. (b) Average shape of lipoproteins defined by their height (H) over radius of curvature (Rc): 0.73 ± 0.02 (s.e.m., N = 97 CM particles),
0.95 ± 0.04 (s.e.m., N = 56 VLDL particles), 0.88 ± 0.05 (s.e.m., N = 40 LDL particles) and 0.74 ± 0.04 (s.e.m., N = 75) for CM, VLDL, LDL and HDL,
respectively. Boxplots are shown in which the line within the box indicates median, box limits indicate upper and lower quartiles and whiskers indicate 1.5×
interquartile range. Reference shapes are shown in black for H/Rc equals 0.5, 1.5 and 2. * indicates significant differences (two-sided t-test (p = 0.05)). (c)
Calculated radii R0 of the LPs in solution (before substrate adhesion). CM: Chylomicrons; VLDL: very-low density lipoproteins; LDL: low-density lipoproteins;
HDL: high-density lipoproteins

 RESULTS

. AFM imaging of LPs

Atomic forcemicroscopy (AFM)was used to image LPs at high resolution allowing for the determination of the particle geometry
and center. Figure 2a shows typical AFM topography images of single LPs (forAFM images of larger scan areas see Supplementary
Figure 1), demonstrating that the adhered LPs stay in a shape of a sphere-like cup, as reported previously for EVs and liposomes
(Sorkin et al., 2020; Vorselen et al., 2018, 2018). To quantify the shape of LPs, a correction for the tip shape was applied and
the ratio of height over radius of curvature was determined yielding an estimation for the particle deformation upon substrate
adhesion (Figure 2b). For CM particles this ratio was 0.73 ± 0.02 (standard error of the mean (s.e.m.), N = 97 particles), for
VLDL the ratio was 0.95 ± 0.04 (s.e.m., N = 56), for LDL the ratio was 0.88 ± 0.05 (s.e.m., N = 40) and for HDL the ratio was
0.74 ± 0.04 (s.e.m., N = 75), indicating spreading upon substrate adhesion. Significant differences were identified between CM
and VLDL, CM and LDL, HDL and VLDL andHDL and LDL (two-sided t-test, p= 0.05), showing that CM andHDL do deform
more upon substrate adhesion compared to VLDL and LDL. Next the radius of the LPs before substrate adhesion, assuming
surface area conservation, was determined. The determined radii confirm the expected size trend for the different LP classes:
65 ± 3 nm (s.e.m., N = 97 CM particles), 59 ± 3 nm (s.e.m., N = 56 VLDL particles), 43 ± 6 nm (s.e.m., N = 40 LDL particles)
and 16 ± 1 nm (s.e.m., N = 75 HDL particles) for CM, VLDL, LDL and HDL, respectively (Figure 2c).

. Comparing the mechanical behavior of LPs and EVs

The mechanical properties of CM, VLDL, LDL and HDL were analyzed by nanoindentation experiments performed on individ-
ual particles. It was recently reported, that the mechanical response of EVs and liposomes during indentation is typically marked
by an initial linear behavior followed by a subsequent flattening before pinching through the layers of membrane marked by two
peaks before pushing on the substrate (Vorselen et al., 2017, 2018, 2018). In order to evaluate the effect of LPs in a sample that also
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PIONTEK and ROOS  of 

F IGURE  Typical force indentation curves (FDCs) on LPs and red blood cell (RBC) EVs. (a) Typical FDCs of multiple consecutive indentations on a
chylomicron (CM) particle. (b) Typical FDCs of multiple consecutive indentations on a very-low density lipoprotein (VLDL) particle. (c) Two subsequent
AFM FDCs on a RBC EV showing an initial linear elastic response (black and red curves) followed by a subtle flattening of the second FDC. Then an abrupt
increase in stiffness occurs, followed by two break events (indicated by two black arrows), after which the glass surface (identified as a vertical line) is reached.
The two break events correspond to the penetration of the lipid bilayers and the first one is typically larger than the second. Curves in a lighter color indicate
the mechanical behavior during AFM tip retraction. The black extension and light grey retraction curve display a low force indentation curve demonstrating
the reversible behavior of the RBC EV in the low force regime. Adapted from ref. (Vorselen et al., 2018) with permission from Nature Communications.

contains EVs, we applied the same Canham-Helfrich theory-based indentation model to the LPs. Figure 3 shows typical FDCs
on CM and VLDL as well as a FDC recorded on a red blood cell EV. The features reported for EVs (linear increase in force, sub-
sequent flattening and penetration of layer) can also be observed for LPs. Throughout the experiments we found LPs with only
one penetration event occurring close to the substrate, instead of two for EVs (black arrows in Figure 3). To examine whether
the number of penetration/break events close to the substrate could be used to differentiate between LPs and EVs, we analyzed
the number of penetration events occurring up to 10 nm from the substrate and the break size of the LPs (Supplementary Figure
2). The majority of LPs showed 1 or 2 break events, evenly distributed for CM and HDL (Supplementary Figure 2a). In contrast,
more VLDL exhibited 2 break events than 1, while LDL showed the opposite trend and additionally exhibited a considerable
amount with 3 break events (Supplementary Figure 2a). Determining the break sizes of the LPs we found a wide distribution
(Supplementary Figure 2b).

. Most CM collapse after first indentation

CM particles typically already collapsed after the initial low force (∼0.4 nN) indentation, as revealed by the height extracted
from the second FDC and confirmed by imaging after indentation. Therefore, we adjusted the experimental procedure for CM
and indented these LPs directly with a maximum force to capture the particle’s whole response. Typical AFM images of CM and
the other LPs before and after indentation are shown in Supplementary Figure 3. Previous indentation studies on liposomes and
natural vesicles reported reversibility, with either no detectable change in geometry of the vesicles (Calò et al., 2014; Li et al., 2011),
or a recovery of ∼60 % in the case of red blood cell EVs (Vorselen et al., 2018). The higher tendency of rupture events for CM
during the experiments was compared to the behavior of the other classes of LPs. Typically, VLDL, LDL and HDL do not break
after a low force indentation, but they can break after high force indentation. To study this systematically we determined after
how many consecutive indentations the first decrease in height occurred. Figure 4 shows the results obtained for all four classes
of LPs. About 96 % of CM indented showed a clear height change after the first indentation, while at the other extreme ∼50 % of
the VLDL showed reversible behavior even after 5 indentations.

. CM and VLDL are softer than LDL

Next, we characterized the LPsmechanically. Vorselen et al. (Vorselen et al., 2017) developed amodel based on Canham-Helfrich
theory demonstrating that the mechanical properties of adherent fluid vesicles are governed by membrane bending and internal
osmotic pressure. With this model the bending modulus can be estimated using the vesicle stiffness, radius and tether force. In
order to evaluate possible effects of LPs in EV samples the samemodel was applied to the LP classes investigated in this study. The
height of the particles was both determined from the AFM image as from the FDC, revealing comparable results (Supplementary
Figure 4).

To ensure indentation on the particle’s center, only particles with height from FDC ≥ height from AFM image were included.
LP stiffness was determined by fitting the initial linear response for indentations from 0.02 Rc up to 0.1 Rc. The stiffness of the
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 of  PIONTEK and ROOS

F IGURE  Multiple indentations analyzed for height change. Lipoproteins (LPs) were indented 5 times each. x-axis displays the indentation number after
which the first height change appeared. Category ‘reversible’ represents particles that did not exhibit a height change in the 5 FDCs recorded. Chylomicrons
(CM): N = 97; very-low density lipoproteins (VLDL): N = 56; low-density lipoproteins (LDL): N = 40; high-density lipoproteins (HDL): N = 75

F IGURE  Tether forces Ft of the different lipoprotein (LP) classes. Boxplots are shown in which the line within the box indicates median, box limits
indicate upper and lower quartiles and whiskers indicate 1.5× interquartile range. Average tether force for chylomicrons (CM) was Ft = 179 ± 33 pN (s.e.m.,
N = 44), very-low density lipoprotein (VLDL) particles show a mean tether force Ft = 177 ± 31 pN (s.e.m., N = 31), low-density lipoprotein (LDL) particles
show an average tether force Ft = 149 ± 15 pN (s.e.m., N = 30), and high-density lipoprotein (HDL) particles show significantly lower tether forces (Ft = 24 ± 3
pN, s.e.m., N = 49), respectively. The tether forces of 2 CM, 20 VLDL and 4 LDL could not be measured as their tether lengths exceeded the recorded length of
force indentation curves (FDCs).

different LP samples did not show any significant difference (Supplementary Figure 5), revealing that stiffness cannot be used
as a parameter to distinguish between the particles. More importantly, stiffness is an extrinsic property that also depends on the
particle size and pressurization and does not necessarily reflect intrinsic differences between the different LP types. In contrast,
bending modulus is an intrinsic property of the membrane (Vorselen et al., 2017).

To evaluate the tether formation and forces, the retrace of indentation curves was analyzed. A tether was detected in the retrace
in∼47% of FDCs of CM,∼82% of FDCs of VLDL and∼75 % of FDCs of LDL, respectively (Table 1). In∼65% of FDCs recorded
onHDLs a tether was observed, however, due to the small particle size, the tethers were relatively short. The average tether forces
Ft of the different LP classes are shown in Figure 5. Multiple CM, VLDL and LDL formed tethers longer than the recorded FDC
in which cases no tether force could be determined. Using the information on Ft, Rc and k we applied the model introduced by
Vorselen et al. (Vorselen et al., 2017, 2020) to determine the bending modulus of CM, VLDL and LDL. Due to the small size and
deformability of HDL particles, and hence the difficulty to distinguish deformed particles from collapsed particles, we could not
determine the bending modulus for HDL. The bending modulus of CM is 5 ± 1 kBT (s.e.m., N = 44). The bending modulus of
VLDL is 5± 2 kBT (s.e.m.,N= 31), and the bending modulus of LDL is 10± 2 kBT (s.e.m.,N= 30). This reveals that the bending
modulus of LDL is double the value of the bending moduli of VLDL and CM particles. Hence, LDL have a significantly more
rigid lipid shell than VLDL and CM.
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PIONTEK and ROOS  of 

TABLE  Overview of results obtained in this study. The numbers of particles analyzed are indicated. Displayed are values obtained for the deformation
upon substrate adhesion defined by H/Rc, calculated radii on solution R0, percentages for LPs showing height changes after the first high force indentation and
reversibility, stiffness k, tether forces Ft, probabilities of tether formation and bending moduli of lipoprotein particles. The probability of tether formation is
quantified by the number of particles showing a tether in the retract curve of analyzed indentation cycle divided by the total number of particles fulfilling the
analysis criteria (see also Ref. Vorselen et al., 2020). Bending moduli were determined using atomic force microscopy (AFM) nanoindentation approach.

CM VLDL LDL HDL

Deformation upon substrate adhesion
H/Rc (mean ± s.e.m.)1

0.73 ± 0.02
(N = 97)

0.95 ± 0.04
(N = 56)

0.88 ± 0.05
(N = 40)

0.74 ± 0.04
(N = 75)

Radius before substrate adhesion R0
(mean ± s.e.m.)

65 ± 3 nm
(N = 97)

59 ± 3 nm
(N = 56)

43 ± 6 nm
(N = 40)

16 ± 1 nm
(N = 75)

LPs showing height change after first high
force indentation

96 % 39 % 48 % 75 %

Reversibility 2 % 50 % 23 % 11 %

Stiffness k
(mean ± s.e.m.)

0.017 ± 0.001
N/m
(N = 97)

0.019 ± 0.002
N/m
(N = 56)

0.016 ± 0.001
N/m
(N = 40)

0.014 ± 0.001 N/m
(N = 71)

Probability of tether formation 48 % 82 % 48 % 75 %

Tether force Ft
(mean ± s.e.m.)

179 ± 33 pN
(N = 44)

177 ± 31 pN
(N = 31)

149 ± 15 pN
(N = 30)

24 ± 3 pN
(N = 49)

Bending modulus 5 ± 1 kBT
(N = 44)

5 ± 2 kBT
(N = 31)

10 ± 2 kBT
(N = 30)

not analyzed due
to minute size
of HDL

1CM: Chylomicrons; VLDL: very-low density lipoproteins; LDL: low-density lipoproteins, s.e.m.: standard error of the mean.

 DISCUSSION

This study provides an in-depth examination of themechanical properties of LPs. The results obtained are summarized in Table 1.
By means of AFM imaging, we extracted the size of LPs in solution confirming expected size trends. Literature values on LP sizes
as obtained by ion mobility analysis, a more indirect method to determine the size of LPs, reported smaller sizes for the LPs than
in our AFM analysis (Caulfield et al., 2008). In contrast, nuclear magnetic resonance analysis (NMR) yielded similar sizes for CM
and VLDL as our AFM analysis, while the radii obtained for LDL and HDL were larger than the values reported here (Jeyarajah
et al., 2006).

We have shown that the mechanical behavior of LPs exhibits qualitative similarities to that of EVs measured previously
(Figure 3). A quantitative analysis reveals additional similarities: EVs typically show two penetration events at the end of the
FDCs, while LPs typically show one or two events. Although the number of penetrations cannot be used to unambiguously dis-
tinguish all LPs from EVs, a partial distinction can be made and thereby it can be identified whether there are LPs in a sample of
EVs. Next to the number of penetrations, also the break size was analysed.While the break size of liposomes could be clearly used
to identify their degree of lamellarity (Vorselen et al., 2018), we did not find such unambiguous behavior for LPs. To use this infor-
mation for differentiation between LPs and EVs further studies are needed, extending the current knowledge from liposomes to
EVs. Furthermore, CM collapse after the first indentation irrespective of the applied force, while EVs typically do not show this
behavior. Due to the minute size of the adhered HDL (∼13 nm), their bending modulus could not be determined, as the particles
had likely collapsed during adhesion to the substrate. Previous studies of AFMmeasurements on HDL and LDL reported small
recorded height of less than 10 nm (Gan et al., 2015, Wang et al., 2020). This indicates that the particles probably collapsed on the
surface in those studies. The observation that HDL likely collapses on the surface fits with our data. In contrast, the LDL particles
did not collapse in our experiments. This is probably due to differences in surface treatment and imaging parameters between
these studies.
Looking at the probability of tether formation, the values of the LPs are in the range of reported probabilities of EVs (Vorselen

et al., 2018). Also, the bending moduli of CM, VLDL and LDL (∼5-10 kBT) are in the range of EVs as determined by AFM
nanoindentation (∼6-15 kBT) (Sorkin et al., 2018; Vorselen et al., 2018). Different approaches investigating the mechanics of
membranes, e.g. RBC membrane using flicker spectroscopy (∼15 kBT), micropipette aspiration and tether pulling experiments
(∼40 kBT) and optical tweezers assistedmeasurements of membrane fluctuations (∼60 kBT) typically showed higher values than
for LPs (Betz et al., 2009; Brochard & Lennon, 1975; Butler et al., 2008; Duwe et al., 1990; Evans, 1983; Park et al., 2010).

Comparing the LP samples, we find that CM and VLDL show a bending modulus about 50 % lower than LDL (10 ± 2 kBT).
This could be related to differences in lipid and/or (apolipo)protein composition (Figure 1), fitting with the suggestion that the
physical properties, apolipoprotein distribution and functioning, e.g. plasma membrane protein activity, are governed by the
lipids in the surface monolayer of lipoproteins (Massey & Pownall, 1998). In particular, cholesterol and cholesteryl esters in
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lipoprotein particles may affect the physicochemical properties. The relative cholesterol content of the LDL fraction (∼50 %)
is much higher than in VLDL and CM. In contrast, the difference in cholesterol content of CM (∼3 % cholesterol) and VLDL
(∼20 % cholesterol) does not lead to a difference in bending modulus. Phosphatidylcholine (PC) is the main lipid present in the
monolayer of plasma LPswith differentiation among different LP classes (Massey&Pownall, 1998), for example, LDLwere shown
to contain more saturated PC, sphingomyelin, and unesterified cholesterol than HDL leading to different molecular packing in
the LP’s surfaces (Ibdah et al., 1989). Knowing that the properties of the lipid acyl chains (e.g. degree of (un)saturation, length)
affect themechanical properties of membranes (lipid bilayer), i.e. the bendingmodulus directly depends onmembrane thickness
(Vanni et al., 2019; Zimmerberg &Kozlov, 2006), it could be a possible explanation of the differences in bendingmoduli observed
for LPs (lipid monolayer) in this study. In line with decreasing (protein + free cholesterol)/phospholipid ratio in the LPs the
surface fluidity increased from HDL to LDL and VLDL (Massey & Pownall, 1998). As membrane fluidity is known to affect the
mechanical behavior of EVs (Vorselen et al., 2017), the differences observed in LPs could have an impact on the bendingmodulus
as well. However, as previously reported (Vorselen et al., 2018), (apolipo)proteins themselves can have significant influence on the
stiffness of EVs and LPs. The different content of apolipoproteins in CM/VLDL and LDL could therefore also affect the stiffness
of the particles and consequently their bending modulus.
Previous studies on native and oxidized LDL reported smaller particles and a reduced Young’s modulus under acidic condi-

tions compared to neutral environment (Wang et al., 2020, 2021). The oxidized form of LDL (oxLDL) is a known risk factor in
atherosclerosis. At pH 7.4 oxLDL were reported to be smaller, softer (Young’s modulus) and to have higher adhesive forces than
native LDL explaining enhanced infiltration, enhanced adhesion and accumulation of oxLDL on the endothelium/extracellular
matrix observed in atherosclerosis (Wang et al., 2020).
Considering all information obtained to evaluate whether an EV sample is contaminated with LPs we found that the mechan-

ical characterization can contribute to distinguish between LPs and EVs. The size and deformability of HDL led to an exclusion
parameter of this particle class when measuring EVs. CM showed an almost 100 % probability of rupturing after the first, low
force indentation, which is not common for EVs (Vorselen et al., 2018). As such the presence or absence of height change/collapse
after a low force indentation represents a clear distinction between CM and EVs. In addition, VLDL were softer than LDL and
most measured EVs, while LDL showed a number of similarities with EVs, for example size and bending modulus, but also some
differences. A partial, but not complete, differentiation between VLDL/LDL and EVs could be made by analyzing the penetra-
tion events. For a complete distinction between these particles in a sample mixed of EVs and LDL, further characterization is
needed. Enciso-Martinez et al. (Enciso-Martinez et al., 2020) investigated the same CM and VLDL samples studied here and
demonstrated the identification of LPs in a mixed sample using a non-destructive label-free Rayleigh-Raman method. A similar
approach might be possible for identifying LDL.
To conclude, we have shown new results on the structural and material properties of LPs using an innovative AFM nanoin-

dentation approach, previously applied to EVs. We found that the mechanical characteristics of CM and VLDL are significantly
different from LDL. The increased bendingmodulus of LDL fits with the cholesterol content of this particle class (Evans &Need-
ham, 1987; Evans & Rawicz, 1990; Rawicz et al., 2000), while our results on CM and VLDL suggest an additional influence of
apolipoprotein content to the rigidity of LPs. Furthermore, our approach allows to reveal whether there is LP contamination in
EV samples, which is particularly useful when evaluating (new) procedures to isolate EVs from plasma. Hereby our data yields
new information on the mechanical information of nano-sized LPs and their differences/similarities with EVs. This information
helps to understand uptake processes and is potentially useful in designing/optimizing drug delivery approaches. Furthermore,
the applied method can be more broadly used, for example to study LPs in dyslipidemia and diabetes.
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