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The elastic properties of nanoscale extracellular vesicles (EVs) are believed to influence
their cellular interactions, thus having a profound implication in intercellular commu-
nication. However, accurate quantification of their elastic modulus is challenging due to
their nanoscale dimensions and their fluid-like lipid bilayer. We show that the previous
attempts to develop atomic force microscopy-based protocol are flawed as they lack
theoretical underpinning as well as ignore important contributions arising from the
surface adhesion forces and membrane fluctuations. We develop a protocol comprising
a theoretical framework, experimental technique, and statistical approach to accurately
quantify the bending and elastic modulus of EVs. The method reveals that membrane
fluctuations play a dominant role even for a single EV. The method is then applied to
EVs derived from human embryonic kidney cells and their genetically engineered classes
altering the tetraspanin expression. The data show a large spread; the area modulus is in
the range of 4 to 19 mN/m and the bending modulus is in the range of 15 to 33 kBT ,
respectively. Surprisingly, data for a single EV, revealed by repeated measurements,
also show a spread that is attributed to their compositionally heterogeneous fluid
membrane and thermal effects. Our protocol uncovers the influence of membrane
protein alterations on the elastic modulus of EVs.

extracellular vesicles | atomic force microscopy | force spectroscopy | elasticity | lipid bilayer

The discovery of EVs and their numerous roles in pathophysiological processes are
redefining our approaches and understanding of human health and diseases (1, 2).
Released to the extracellular milieu by most cell types, these nanovesicles carry a wide
variety of cellular components including proteins, nucleic acids, and lipids, and are
known to deliver their bioactive cargo to a recipient cell, thereby, inducing functional
alterations (3). During the past decade, this topic has generated exploding interest,
consequently driving countless technical innovations. While these efforts have helped
to overcome many of the initial challenges and skepticism, the high heterogeneity of
EVs even when they are released by a single cell has triggered the obvious questions; are
there EV subpopulations in circulation that are functionally differential or more relevant
than others? If so, which property is the best indicator of such functional differences?
While a single EV approach is arguably the best way to address such heterogeneity,
given their nanoscale dimension and diverse molecular repertoire, existing techniques
can not perform a comprehensive chemical analysis at a single vesicle level. Thus far,
optical/fluorescence techniques have been the main methods to interrogate single EVs,
although providing only a limited set of information (4, 5). In this context, the recent
attempts made with atomic force microscopy (AFM) have brought renewed enthusiasm
as it can provide complementary information, e.g., stiffness, bending modulus, and
adhesion (6). Given that the stiffness of EVs may influence their cellular uptake, the
topic also has larger implications concerning EV biology and functions (7).

Accurate quantification of the stiffness modulus of EVs from force spectroscopy
is, however, nontrivial due to the fluidic nature of the membrane and compositional
inhomogeneity. Thus far, only a single attempt has been made to develop a protocol (8).
Developed on the foundation of the Canham-Helfrich model (CH model), the protocol
relies on the assumption that the osmotic pressure difference induced by volume shrinkage
plays a dominant role in their stiffness. The migration of water molecules through the
lipid bilayer being much slower than a typical timescale of a nanoindentation experiment,
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the validity of such an assumption needs careful reevaluation.
The protocol also fails to convincingly address two fundamental
aspects, namely: i) the competition between adhesion and shape
deformation leading to a different mechanism of tether formation
for surface adhered vesicles (9, 10), which is the case for most EV
studies with AFM and ii) the effect of membrane fluctuations on
the elastic property (11). To what extent these effects influence
the elastic modulus of EVs remains unknown and so is the
accuracy of all the previous reports (12, 13). Besides, it is also
unknown if the alteration in the membrane protein composition
can induce measurable changes in EV elasticity.

We develop a protocol comprising a theoretical framework,
experimental technique, and statistical approach to accurately
quantify the bending and elastic modulus of EVs. We show, that
in contrast to previous reports (12), the EVs behave as surface-
adhered vesicles showing a linear dependence of tether force
on the tether length. We then apply our method to different
EV populations derived from the human embryonic kidney
(HEK293T) cell line and its genetically engineered versions with
altered tetraspanin expression. The bending modulus estimated
for the different EV families ranges from 15 to 33 kBT with large
fluctuations within each family of vesicles which is consistent
with inherent EV heterogeneity. Interestingly, our experiments
also show large fluctuations of measured values even for a
single EV when repeatedly examined under identical conditions.
We suggest that such behavior is driven by both thermal and
compositional effects, as expected for such nanoscale objects.
We find that the probability distribution functions (PDFs) of
elastic moduli are best described, not by a single Gaussian, but
by a superposition of Gaussians. Consequently, commonly used
techniques to test for statistical significance, e.g., the Student’s t
test can not be employed. We use the Jensen–Shannon divergence
to differentiate between the PDFs. Our results suggest that

protein alternations possibly do influence the elastic moduli of
EVs, but they are often hidden in such large fluctuations.

1. Results

We performed force spectroscopy in a liquid environment
(1×PBS) on EVs derived from HEK293T cell line. We followed
the isolation method as described in ref. 14. To assess the
influence of the protein alterations on the elastic properties of
EVs, the expression of tetraspanins was genetically altered in
the cell producing two different classes of EVs along with the
wild type (WT-EVs): i) sample with CD63 knockout (CD63-
KO) and ii) sample with CD9-CD63-CD81 knockout (Pan-
KO). To assess the effect of protein corona, if any, we analyzed
an additional sample type referred to as WT-SEC. To remove
the protein corona, we followed an earlier report (15), and
further processed WT-EVs with bind-elution size exclusion
chromatography. Further details on sample preparation are
presented in Section 4.3.

1.1. Shape of Adhered Vesicles. A typical topographical profile
for an EV in a liquid environment measured by AFM is shown
in Fig. 1A. Theories and experiments of adhesion of Giant
Unilamellar Vesicles (GUVs) to glass cover slips (16–18) suggest
that the shape of the vesicle would be that of a spherical cap.
Earlier works (6, 8) on nanovesicles have also made the same
assumption. The topographical profile is a height field H as
a function of two-dimensional coordinates X and Y , typical
examples are shown in Fig. 1B. The height field as a function
of the slow axis of the scanning of the AFM—along the lines
marked in Fig. 1B—is shown in Fig. 1C . We fit a circle to this
profile taking into account the correction due to the shape of
the tip of the AFM to determine the effective radius (Rc) of

A B

C D

Fig. 1. Topographic image. (A) Topographic image of a single vesicle. (B) The height field plotted as a color for a typical vesicle before (Left) and after (Right)
force spectroscopy. (C) The measured height, its fitted arc, and the tip-corrected EV shape extracted from the line shown in (B). (D) The ratio of the height and
the radius of curvature. The horizontal black line indicates mean of the ratio. Mean for WT: 1.13, WT-SEC:: 1.12, CD63-KO: 1.08, and Pan-KO: 1.07.
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the EV, as earlier described in ref. 8. We show in Fig. 1C the
measured height, its fitted arc, and the tip-corrected EV shape
for a typical example. Several additional examples are shown in
SI Appendix, section 2. The probability distribution of the ratio
H/Rc for all the vesicles is presented in Fig. 1D. A vesicle with
H/Rc > 2 indicates a nonrealistic shape and was disregarded
from future analysis. The radius Rc ranges from approximately
40 nm to 100 nm. Almost all of them fall within the class of
small EVs (sEVs) defined (see e.g., ref. 19, page 9) to be less than
200 nm in diameter but a few do not. Hence, in the rest of this
paper, we call them EVs.

For the measurement of force–distance curves, care is nec-
essary. The EVs need to be immobile for the entire process,
and the applied force and tip velocity must be small enough
to avoid irreversible damage to the EVs. We image every EV
twice—before and after the force spectroscopy—to make sure
they are not damaged or have moved; see Fig. 1 B and C .
In total, we imaged and performed force-spectroscopy on 49
vesicles of the WT family 39 of the WT-SEC family, 24 of
CD63-KO family, and 18 of the Pan-KO family. We highlight
two important experimental differences as compared to earlier
studies (6, 12): a) the AFM-tip used in this study is smaller (radius
≤10 nm); and b) the maximum indentation force is also smaller at
only 800 pN.

1.2. Force–Distance Measurements. In Fig. 2A we show a
typical example of the force–distance curves. Here, we plot only
the approach curves. As we repeat the experiment many times
(≈150) on the same EV, each time we obtain a different force–
distance curve. To the best of our knowledge, this large variation
in the force–distance curves is not seen in GUVs. Note that this
variation is not originating from the AFM setup, as can be seen by
repeating the same experiment but on a clean coverslip instead of
an EV; see SI Appendix, section 5. We shall revisit these variations
later. The average of all the force–distance curves is shown in red
in Fig. 2A. We shall call this the average force–distance curve.
1.2.1. Theory. The EVs are similar to GUVs in the sense that
both are a drop of fluid enclosed within a lipid bilayer (20).
The two essential differences are as follows: i) the membrane of
the EVs contains many other molecules, including proteins and
cholesterol; and ii) the EVs are much smaller in size. Hence, we
expect that the theory that describes the force–distance curves of
EVs is similar to the theory applied to GUVs. Next, we present
a summary of our theory—a more detailed description can be
found in SI Appendix, section 10.

1. Typically, the force–distance experiments on cells, e.g., red
blood cells are interpreted with Hertzian contact mechan-
ics (21–24). Within this model, the cell is a deformable solid.
At small distance d , the force F is given by F ∝ d3/2. The
EVs cannot be modeled as solids because they lack the internal
organelles and cytoskeleton of the cell.

2. The lipid bilayer (with the addition of proteins, nucleic acids,
and glycans) of EVs is a (two-dimensional) fluid. It has
zero shear modulus but a nonzero area modulus KA. The
usual thin-shell theory (21, 25, 26), which has also been
generalized to pressurized shells (11, 27), includes (in-plane)
shear modulus and is therefore not applicable to EVs. In
other words, the shell in standard thin-shell theory is a two-
dimensional solid whereas the lipid bilayer of EVs is a two-
dimensional fluid.

3. Thus, the EVs must be modeled as shells but with fluid
membranes, similar to the model of GUVs. We call this
the Canham-Helfrich model. In this model, a deformation

A B

C D

Fig. 2. Approach curves. (A) 150 indentation iterations on a vesicle (yellow
lines). The average force–distance curve is shown in red. (B) The average
indentation curve from (A) and the curve subject to the fitting of the model
for KA = 618.84 mN m-1 and Σ0 =5.49 mN m-1 in the same scale. The dashed
black line shows a linear fit at small distances. (C) The shape of the vesicle
obtained from our simulations for three different values of the force F = 2,90,
and 600 pN respectively. The red triangle illustrates the conical tip with the
half-cone angle of 15◦. (D) The probability distribution functions, plotted as
violin plots, of the K̃A of vesicles from the different families: WT, WT-SEC,
CD63-KO, and Pan-KO. These are calculated from the average K̃A value for
each vesicle. The horizontal black line indicates the mean.

contributes to the change in energy in three possible ways:
change in area, change in volume, and change in curvature
or bending. Henceforth we use this model to interpret the
force–distance curves.

Assuming that a reasonable estimate of the bending modulus
of EVs is the typical bending modulus of lipid bilayers, it is
possible to show that the contribution of bending to the change
in energy is very small (6). Following the standard prescription
for GUVs (28), we assume that the volume of the vesicle remains
unchanged.

As this is a key assumption, where we differ from earlier
work (6) on EVs we discuss this in some detail. The only way
the volume can change is if water leaks out of the semipermeable
membrane. Using existing data for the permeability of water
through bilipid membranes, we find that within the time scale
of the experiment, the leakage is negligible—the volume remains
constant; see SI Appendix, section 10C. There is the additional
possibility of water leaking out through transient but reversible
pore formation, similar to what has been seen in GUVs (29–31).
Ref. 31 shows that in GUVs pores form at a time interval of
roughly 400 s. Let us assume that pores form in EVs at about
the same time interval. For us, a single indentation takes 1 s. As
these are very different timescales, we expect the pore formation
not to play any significant role during a single force–distance
measurement. Furthermore, if a pore had formed within the
time interval it takes for our complete set of 150 measurements,
we would expect a systematic change in the nature of force–
distance curves before and after the pore formation. As we see
no such change, we presume that pore formation does not play a
significant role. Nevertheless, we believe this is a very interesting
avenue for us to explore in our future publications. There is a
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third possibility that the bilayer may have been penetrated by the
AFM tip itself. Ref. 6 shows that this can happen but at forces
that are significantly higher than the ones we have used. Thereby,
we can also rule out the possibility of change of volume due to
bilayer penetration by the AFM tip. Then the only possibility
that remains is the change in area.

Let us consider the case where a small external force F generates
a small deformation d . Let Rv be the effective radius of the vesicle
defined by (4/3)�R3

v ≡ V , whereV is the volume of the adhered
vesicle. We consider d � Rv such that d/Rv is a small parameter.
Then the change in free energy can be estimated as (SI Appendix,
section 10A)

ΔF ≈ B1KAd2
− B2Fd, [1]

where B1 and B2 are dimensionless constants that depend on
the details of the indenter and the shape of the adhered vesicle
and KA is the in-plane area modulus of the membrane. The
second term in the free energy is the work done by the indenting
force. We have also assumed that the d is so small that it does
not significantly change the adhesion energy of the EV to the
bottom plate. Minimizing the free energy with respect to d
and setting it to zero we obtain F ∝ KAd—a linear force–
distance relationship. Note that thin-shell theory for pressurized
shells also gives a linear force–distance relationship for small
deformation (11, 27).

Unfortunately, the linear force–distance relationship for small
deformation does not allow us to determine the elastic modulus
KA because the constant of proportionality, which depends on the
adhered shape of the vesicle and the geometry of the indenter,
can not be determined by the kind of dimensional arguments
given here. Nevertheless, two vesicles with exactly the same
surface molecules would have exactly the same interaction with
the coverslip, and in all cases, we have used the AFM probe
with the same geometry. Therefore, we can define an effective
elastic modulus K̃A from the slope of the force–distance curve
at small deformation. Although this approach does not allow us
to measure the KA accurately, it does allow us to measure the
change in KA as a result of knocking out of certain proteins. In
Fig. 2B we show a typical example of the average force–distance
curve (red line) together with a linear fit at small distances. The
slope of the straight line gives K̃A.

To fit the force–distance curve over a larger range, we need
detailed numerical simulations. We follow ref. 32 who solved
the same problem for GUVs, (SI Appendix, section 10). Again,
the only free-energy cost that comes from deformation is due
to change in area—the volume is assumed to be constant.
The adherence of the vesicle is modeled by a prestress, Σ0. By
obtaining the best fit of the numerical solution of the model
to the experimental data we can, in principle, find the two fit
parameters, KA and Σ0. A typical example is shown in Fig. 2B.
The pretension Σ0 depends on the relative osmotic pressure
of the vesicle to the medium, the strength of adhering forces,
and the radius and the area modulus KA of the vesicle (SI
Appendix, section 10B). The numerical and the experimental
force–distance curves agree well with each other not only at short
distances but over almost the complete range of distances. This
confirms that our choice of modeling is appropriate. Finally,
the data also justify our assumption that the volume of the EVs
remains constant.
1.2.2. Experiments. Returning to the experiments, we plot the
average force–distance curve for a single vesicle in Fig. 2B. We
find that there is indeed a small range of scale over which
F ∝ d . As the indentation progresses, the response becomes

nonlinear. Next, we fit a straight line to the first 10% of the
indentation (roughly equal to 50 data points) of every inden-
tation’s force–distance curve—not to the average force–distance
curve). The slope of the straight line gives the effective modulus
K̃A for each vesicle. The probability distribution functions of
the average effective modulus K̃A of the families are plotted
in Fig. 2D as violin plots. The mean and SD of the K̃A are
8.5 mN/m and 3.9 mN/m for the WT family, 8.5 mN/m and
3.7 mN/m for WT-SEC, 12.0 mN/m and 3.8 mN/m for CD63-
KO, and 7.0 mN/m and 2.8 mN/m for Pan-KO, respectively.
In comparison to the WT family, vesicles in the CD63-KO
family have a higher mean K̃A while the Pan-KO family shows
a lower mean K̃A. Earlier studies (33–35) have reported similar
effective elastic moduli of various EVs ranging from 7 mN/m up
to 49 mN/m. These studies have all extracted the moduli in a
similar way and on similar sample sizes. We have not found any
earlier nanomechanical studies on EVs derived from HEK293T
cells. To the best of our knowledge, the influence of knocking
out certain proteins has not been studied before.

We do not expect any significant dependence of our results on
the tip-size of the AFM because we extract K̃A from the regime of
small deformation where the tip-size dependence is found to be
minimal (6). For all the data reported here, the speed of the AFM
tip is 200 nm/s. We have checked that doing the experiments at a
faster, 500 nm/s, and slower speed, 100 nm/s, do not significantly
change our conclusions; see SI Appendix, section 7. We also do not
see any dependence of adhered shape with K̃A; see SI Appendix,
section 8.

The PDFs plotted in Fig. 2D suggests that they cannot be
approximated by a single Gaussian. We calculate the PDFs using
kernel density estimation with a Gaussian kernel. In other words,
we find the superposition of Gaussian distributions that best fit
our data. In SI Appendix, section 11 we plot both the histograms
and the PDFs estimated by the kernel density estimation for all
the families.

1.3. Variation of Effective Elastic Modulus. The PDFs show the
inherent heterogeneity of the deformability of the EVs coming
from all the different sample families. While the WT, WT-SEC,
and Pan-KO families resemble each other in distribution shape,
peak, and mean, the CD63-KO distribution shows deviations
from the rest. Are the differences we see statistically significant?
As the PDFs are not simple Gaussians, the Student’s t test can not
be employed here to test the statistical significance (36). Hence,
we need a technique to distinguish between PDFs which are
not Gaussian. Furthermore, note that we are dealing with small
sample sizes in each family, hence the PDFs themselves are poorly
determined. For most single vesicles, we obtain about 150 values
of K̃A. We plot them in Fig. 3A. The values are close to normally
distributed but show significant variation; see also SI Appendix,
section 6. Note that these values are decorrelated with one other.
In Fig. 3B we present the range of values of K̃A that we obtain
from individual force–distance curves for each of the families in
barcode plots. The families WT and WT-SEC are close to each
other although the former shows a larger span of K̃A values. The
family CD63-KO has relatively high values of K̃A compared to
the WT and the family Pan-KO seems to have relatively smaller
values of K̃A compared to WT. At this stage, we consider for
each family three PDFs of K̃A in the following manner. Let the
average K̃A for a single vesicle be denoted by 〈K̃A〉, and its SD
ΔK̃A. Then we have one PDF each for 〈K̃A−ΔK̃A/2〉, 〈K̃A〉, and
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A B

C D

Fig. 3. Variations of K̃A in a single vesicle. (A) The many values of K̃A extracted
from individual force–distance curve of a single vesicle. The shaded region
indicates one SD and the central line shows the mean value. (B) Barcode
plot of all values of K̃A for all the vesicles in each family. (C) P1, P2, and
P3 of the WT sample. (D) Jensen–Shannon divergences between effective
elastic modulus of the samples. The samples are internally compared across
P1 and P3 (diagonal elements) while the distance across different samples
(nondiagonal elements) compares P2 of the two samples.

〈K̃A +ΔK̃A/2〉, we denote them respectively by P1, P2 and P3.
In Fig. 3C we show that for the WT family.

To measure how two PDFs p(x) and q(x) differ from each
other a commonly employed device is the Kullback–Leibler (KL)
divergence (37).

DKL

(
p
∣∣∣ q) ≡ ∫ dxp(x) log

(
p(x)
q(x)

)
. [2]

A straightforward interpretation is that the KL divergence is the
relative entropy between two distributions. From the point of
view of data science, the relative entropy can be considered to be
the data required to reconstruct the target distribution q given
the distribution p. It is defined to be strictly positive and is zero
only when p = q everywhere. But it is not symmetric in p and
q, in other words, the DKL

(
p
∣∣∣ q) 6= DKL

(
q
∣∣∣ p). A symmetric

generalization is the Jensen–Shannon divergence defined by

DJS ≡
1
2

[
DKL

(
p
∣∣∣ p + q

2

)
+ DKL

(
q
∣∣∣ p + q

2

)]
. [3]

We use this as our parameter to measure the distance between
two PDFs. We note that, although this is often used, there is
no unique definition of the distance between two PDFs. The
maximum value of the Jensen–Shannon divergence is unity. In
what follows, we will not base any conclusion on the values of
Jensen–Shannon divergence itself but its relative values, i.e., we
will use the Jensen–Shannon divergence to find out which of the
two PDFs q1 and q2 is close to the PDF p.

We measure the Jensen–Shannon divergence between P1 and
P3 of one family and between P2 of two families and plot them
as a matrix in Fig. 3D. The first (1, 1), element of this matrix
is the DJS between P1 and P3 for the WT family. Similarly, all
the diagonal elements show the same distance for each family.
The off-diagonal elements show the distance between the P2

of two different families. By looking at the first column (or
row) of this matrix, we see that for the WT family, the distance
within the family is much more than the distance between this
family and any other family. There is only one case where the
distance within the family is less than the distance between
the families—compare CD63-KO with Pan-KO. The distance
between P1 and P3 within CD63-KO family is 0.20, whereas
the distance between P2 of CD63-KO family with Pan-KO
family is 0.24. This is the only case where we may claim that
our method distinguishes one family from another, even then
the difference between the distances is small. Note also that
we find the distance between the WT family and the WT-
SEC family is very small. As reported earlier (15), additional
cleaning with SEC is expected to remove protein corona. Our
results mean that either the effect of the protein corona on K̃A is
negligible or (possibly more likely) that the sample preparation
steps before the AFM study, which also involves several washing
steps, already remove the corona. Another aspect to consider
is the compositional heterogeneity of EVs derived from a cell
line or even a single cell (38, 39). Such a variation may also
result in a distribution of mechanical properties as we see in our
case.

Note that we have not been able to determine KA but an
effective modulus K̃A. In principle, using detailed numerical
simulations, as described in SI Appendix, section 10B, it may
be possible to determine KA. But, in our experience, this method
is too time-consuming to apply to individual force–distance
curves. We have analyzed only a fraction of the average force–
distance curves and have obtained excellent agreement between
experiment and numerical simulations. Representative force–
distance curves and their fits for each family are presented in
SI Appendix, section 10B. As the number of samples measured in
each family is small we have no hope of distinguishing between
different families.

1.4. Measurement of Bending Modulus. In Fig. 4A, we show a
typical recording of an approach and a retraction of the AFM tip.
We have already used the approach curves to find out the effective
area modulus K̃A. In many cases, we find that the retraction
curves show the behavior seen in Fig. 4A. This indicates the
formation of a tether. The retrace curve showing tether formation
for GUVs (28, 40) and cells (41) usually looks different: The force
remains a (negative) constant as the length of the tether increases
and eventually jumps back to zero as the tether is snapped. In
such cases, minimization of the free energy gives the tether force
to be 2�

√
2�Σ, where � is the bending modulus and Σ is the

membrane tension. Typically, this is observed in experiments in
tube-pulling assays where the GUV is aspirated in a micropipette
(the aspiration pressure sets the membrane tension) while a tether
is pulled. Our experimental setup is different and we observe
a different qualitative behavior—the force (F ) changes as the
length of the tether (L) increases, F/L remains approximately a
constant (SI Appendix, section 9). The same behavior has already
been calculated for adhered GUVs in ref. 9. The crucial difference
between this and the tether formation in tube-pulling assays is
that for the former the vesicle is not considered a quasi-infinite
reservoir of lipids. This approach is appropriate for us because i)
we consider adhered vesicles and ii) our vesicles are significantly
smaller and thus, cannot be considered as a quasi-infinite reservoir
of lipids. In general, the force–distance curves obtained in ref. 9
also depend on the adhesion forces between the vesicle and the
base. By assuming the volume of the tether to be much smaller
than the volume of the vesicle, following ref. 9, we obtain a
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A B C

D E

Fig. 4. Tether formation. (A) A typical force–distance curve with the approach (gray) and retract part (blue) which shows tether formation. The different stages
of tether formation correspond to the points: i) AFM tip touches the vesicle ii) tip is removed, tether formed, and the area of contact between the vesicle and
the substrate decreases, and iii) tether is snapped. (B) Violin plots of the bending modulus of EVs from the WT, WT-SEC, CD63-KO, and Pan-KO families. The
black line indicates the mean. (C) Normalized heat map of all extracted bending moduli for all vesicles in each sample. Bar width: 1J/kB. (D)Q1,Q2 andQ3 of
the WT-SEC sample. (E) Jensen–Shannon divergences between effective bending modulus of the samples. The samples are internally compared acrossQ1 and
Q3 (diagonal elements) while the distance across different samples (nondiagonal elements) comparesQ2 of the two samples.

simplified force–distance relation:

� '
RcH
4�

(
1−

H
4Rc

)
[

1−
(

2Rc

H

) 1
3
(

1−
H

4Rc

)−1
](

F
L

)
.

[4]

We use this expression to obtain the bending modulus � from
each case of the force–distance plot involving tether formation.
The PDFs of the bending modulus of the families are plotted in
Fig. 4B as violin plots. In SI Appendix, section 12, we plot both
the histograms and the PDFs estimated by the kernel density
estimation for all the families. The tether formation does not
happen every time the AFM tip is retracted, therefore the sample
size from which the average � is calculated is smaller than in
the case of K̃A. Note that, similar to what happened with the
measurement of K̃A, different tether formation experiments on
the same vesicle yield different values for �. In Fig. 4C we
show a barcode plot for all the bending moduli measured for
different families. While the CD63-KO family and Pan-KO
have a smaller spread in their values, the WT-SEC family shows
a larger spread. Earlier measurements of the bending modulus
in EVs have obtained values somewhere between 2 and 20
kBT (12, 34, 35, 42). Bending modulus of lipid bilayers in GUVs
have been measured to be in the range of 10 to 40 kBT depending
on composition (43–47). The mean values of our measurements
fall in the same range although, we find several values that are
somewhat larger. Once again, the PDFs of our data are not
single Gaussians. Hence, once again, we cannot employ the t test
to check whether the differences between different families are
statistically significant. We proceed in the same way as we have
done for the measurement of K̃A. The first step is to estimate the
error in the measurement of �. In Eq. 4, the bending modulus
depends on the height H and radius Rc of the vesicles and also

the ratio F/L that we obtain from the force–distance curves.
We assume that the errors in measuring H and Rc are small
compared to the variation in F/L for different cases of tether
formation. We attribute the source of error in � to the variation
in F/L, i.e.,

Δ� '
RcH
4�

(
1−

H
4Rc

)
[

1−
(

2Rc

H

) 1
3
(

1−
H

4Rc

)−1
]
Δ
(
F
L

)
,

[5]

where we obtain Δ(F/L) from the SD of F/L over the many
measurements of tether formations. Next, we construct three
PDFs for each family, one each for 〈�〉−Δ�, 〈�〉 , and 〈�〉+Δ�,
denoted byQ1,Q2, andQ3. The three PDFs for the CD63-KO
family are shown in Fig. 4D. We again calculate the matrix of
Jensen–Shannon distances and plot them in Fig. 4E . We find
again that the diagonals of this matrix are typically larger than
the off-diagonal values, i.e., the difference between the families
is not statistically significant. The exception is again the family
CD63-KO. The distance between P1 and P3 within CD63-KO
family is 0.11, whereas the distance between P2 of CD63-KO
family with WT family is 0.15, the PDF of bending modulus of
CD63-KO is (marginally) statistically distinct from the PDF of
bending modulus of the WT family.

2. Experiments on Liposomes

To develop a deeper understanding of the underlying mech-
anisms, we perform additional measurements on liposomes.
We use liposomes with two different compositions varying
in phospholipid lipid contents, cholesterol amount and inclu-
sion of a peptide—see Section 4.4 (Materials and Methods)
for details. We use an identical protocol for the surface
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functionalization and force spectroscopy as followed for EVs.
In SI Appendix, section 4 we show the result of our experiment
on an individual liposome. For the first group, comprising fluid
phase lipids with a cholesterol contents mimicking that of EVs,
the variation of K̃A obtained from the force–distance curves
are approximately the same as we observe for EVs. For small
(0.5 nN) values of the maximum indenting force, the tether
formation shows the same qualitative behavior as EVs: The force
(F ) changes as the length of the tether (L) increases, F/L remains
approximately a constant; see SI Appendix, section 9B. But for
higher force (1.25 nN) we find tether formation similar to tube-
pulling assays for GUVs, SI Appendix, section 9B, but such a
large force, typically, irreversibly damages the liposomes. For the
second group of vesicles, comprising a gel phase lipid with a
significantly smaller amount of cholesterol than found in EVs,
we find that the variation of K̃A obtained from the force–distance
curves are significantly smaller—about half.

3. Discussion

Several comments are now in order. The first concerns the the-
oretical model that we use to interpret the AFM measurements.
We agree with earlier works (6, 12) that neither the Hertzian
model nor the thin-shell theory is appropriate to analyze the AFM
measurements. We also agree that the contribution from bending
is negligible. We differ from refs. 6 and 12 in one crucial way:
We assume the volume of EVs to be constant during indentation,
while the area changes. We present three justifications. First, the
EVs are very similar to GUVs except for their size—for GUVs,
the analysis of force–distance data uses the same assumption.
Second, we argue that over the time scale of one force–distance
measurement very little change of volume due to the osmosis
of water is possible (SI Appendix, section 10C). And, third,
a straightforward dimensional argument applied to our model
reproduces the linear force–distance relationship at short distance
and our detailed numerical simulations produce a good fit with
the experimental data. So the first take-home lesson of our work
is that the large amount of already existing methods and results
for GUVs are the best guide to understand the biomechanical
properties of EVs with additional care necessary to take into
account their small sizes and the fluctuations as we discuss
next.

One crucial aspect of AFM measurement of force–distance
curves of EVs that we particularly emphasize are their random
variations. For a single EV, about 150 repeated measurements
give force–distance curves that are quite different from one
another; see Fig. 2A. This is a peculiar aspect of EVs—never
observed in GUVs, to the best of our knowledge. An important
point to note is that these fluctuations seem to be Gaussian and
decorrelated with one another, see Fig. 3A, and they are present
also in liposomes. We identify two possible mechanisms that can
give rise to these fluctuations.

1. The thermal fluctuations: Naively, we may argue that thermal
effects are not important because for lipid bilayers (kBT /�) ≈
1/20 is less than unity. Recent theoretical works (11, 48, 49)
have demonstrated that in thin shells the dimensionless
number that determines the importance of thermal effects
is the elasto-thermal number, given by (kBT /�)

√
Y2dR2/�,

where Y2d is the two-dimensional Young’s modulus. These
results cannot be directly applied to EVs because EVs have
a fluid membrane whereas the thin-shell theory considers a
solid membrane. Nevertheless, for EVs, we can define a

similar elasto-thermal number by replacing Y2d by KA:
ET ≡ (kBT /�)

√
KAR2/� ≈ 5, where we have used (44)

KA ≈ 200 mN m-1 and � ≈ 10−19J, and R = 100 nm. The
elasto-thermal number is larger than unity, hence we do expect
thermal effects to be important.

2. The diffusion of membrane molecules: It is well known that
membrane contains proteins and various lipid domains which
can diffuse (50, 51). Let us first consider the protein molecules.
The diffusion constant, D, is estimated to vary over a large
range (52, table 1). Let us take a representative value (53)
of D ≈ 1 μm2 s-1. The typical time scale of a complete
force–distance measurement is about 1 s. Over that time
scale a protein diffuses approximately over an area of 1 μm2,
which is significantly larger than the surface area of the EVs.
This implies that by a single force–distance measurement,
we obtain some kind of average elastic modulus. Thus every
force–distance measurement yields a slightly different value
of elastic modulus. However, the estimate of D we have
used may be inaccurate because: i) proteins on the surface
of EVs are known to form clusters (54); ii) the value of D has
been measured for almost flat surfaces (52), for example on
surfaces of cells; iii) the interaction between the AFM tip and
such clusters may affect their diffusion. Note also that if the
characteristic time scale of diffusion of proteins slowed down
so much that it became comparable to the typical time scale
of a force–distance measurement, then we would expect some
correlation between successive measurements. But we do not
see this. The same argument applies mutatis mutandis to lipid
domains in liposomes.
Intriguingly, the fluctuations for one family of liposomes
are approximately similar to the EVs, while for the other
family, the fluctuations are about half. We list below a few
key differences between the two families; see Section 4.4 for a
detailed discussion. One, family A, commercially sourced, has
a cholesterol content similar to EVs and the lipid bilayer is not
in gel phase under experimental condition. In contrast, family
B, made in-house, has significantly lower cholesterol content
and the lipids are at a phase coexistence of liquid ordered phase
and gel phase under experimental condition. Two, family
A contains a relatively high proportion of DOPS, which is
negatively charged under experimental condition (pH of 7.4),
whereas the family B contains only lipids that are neutral at
experimental conditions. We have therefore included a small
amount of PEGylated lipid (DMPE-PEG2k) to mitigate for
the risk of forming a subpopulations of bilamellar vesicles.
Clearly, some part of the fluctuations depend on the chemical
composition of the vesicles. The same theme could be further
explored by using liposomes made with only one type of
lipid. Unfortunately, in our experiments, liposomes with
homogeneous composition—made only of DOPC—are not
structurally stable enough to survive force spectroscopy by
AFM.

In summary, we must attribute the fluctuations we observe
to both thermal fluctuations and compositional heterogeneity.
During the last couple of years, there have been several mea-
surements of the nanomechanical properties of vesicles through
atomic force microscopy (6, 33, 42, 55–58). Most of these rest
on the assumption that one or few measurements on each vesicle
is enough for a representative value. Here, we show explicitly and
justify theoretically that this is not the case.

Note that another consequence of such protein diffusion
is that if antibodies are used to capture the EVs, all the
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complementary proteins may eventually diffuse to the substrate
side, thus inducing some degree of bias to the compositional
fluctuations. To reduce and possibly to eliminate such a scenario,
we use electrostatics capture of EVs, as we described in our
previous work (59). This approach makes the selection of EVs less
biased.

The next remark is about tether formation. Typical theory
of force–distance curves for tether formation in GUVs (40)
and cells (41) shows that the force remains a constant as the
length of the tether increases and eventually jumps back to
zero as the tether is snapped. Typically, this is observed in
experiments in tube-pulling assays where the surface tension of
the membrane is held constant. Nevertheless, the same theory has
been used to interpret tether formation of adhered cells (60) and
vesicles (8, 12, 28, 34) in which case the surface tension cannot
be controlled. In our experiments, neither can we control the
surface tension—a direct consequence of adhering the vesicles—
nor can we assume that the EVs have a reservoir of lipids due to
their small sizes. We obtain a linear force–distance relationship.
We follow ref. 9, whose theory gives a linear force–distance
relationship which we use to measure the bending modulus. To
the best of our knowledge, there has been only one experimental
measurement (10) of tether formation in GUVs that found a
linear force–distance relationship although ref. 10 suggested a
theoretical interpretation different from ref. 9. The linear force–
distance in tether formation is also found in bacteria (61), and
fibroblasts (62), but in these cases, the mechanism may be
different. To summarize, ours is the first experimental observation
of a linear force–distance relationship which may be interpreted
using the theory of ref. 9.

Note also the natural heterogeneity of biomechanical prop-
erties within a family of EVs. Our data show that the PDF
of the elastic modulus is not likely to be Gaussian but can be
best represented by a superposition of several Gaussians. From
the biological point of view, this is expected, because EVs are
known to be heterogeneous containing several different subpop-
ulations, each of which may generate a Gaussian distribution
of biomechanical properties. This absence of simple Gaussianity
also demands statistical methods that are suitable for families
of EVs. As the underlying normality assumption is violated, we
use the concept of Jensen–Shannon divergences to differentiate
between probability distributions. We believe this is better suited
as a statistical approach due to the natural variations of the elastic
moduli of EVs.

Now let us discuss to what extent our original intention, v.i.z.,
to differentiate EV subpopulations based on their elastic prop-
erties, has been served. Membrane protein-based discrimination
of EV subpopulations is by far the most investigated topic in
the field, thus also providing the basis for our primary question,
v.i.z., does the deformability of EVs depend on their membrane
protein composition? We investigate this question by knocking
out three tetraspanins which are highly abundant in HEK293T-
derived EVs (63), thus they become an obvious choice for our
experimental design. Note that knocking out of certain proteins
may also have unwanted consequences where the proteins are
replaced by other proteins or lipids. For example, it may change
the cholesterol content of the EVs (64), which in turn can change
their elastic properties, (see, e.g., refs. 65 and 66). Furthermore,
ref. 67 has suggested that the presence of proteins may change
the local curvature of the lipid membrane thereby changing its
elastic properties (67). Our results suggest that in most cases,
the natural variation in the elastic moduli within a family is
too large to detect statistically significant changes, induced by
protein alteration, between families. The only exception is the

CD63 KO family, which shows some statistical difference. In
particular, the K̃A of the CD63 KO sample is statistically different
from the Pan-KO, while the bending modulus of CD63 KO is
statistically different from the WT sample. If we look at just the
mean values of the PDFs plotted in Fig. 2Dwe may think that the
CD63 KO is indeed different from WT, WT-SEC, and Pan-KO.
A recent paper (64) also reached the same conclusion based on
only the mean value. But our careful and detailed statistical
analysis shows that the difference between CD63 and WT (and
WT-SEC) are not statistically significant. The only statistically
significant difference is between CD63-KO and Pan-KO. A pri-
ori, this is counterintuitive because in Pan-KO, three tetraspanins
including CD63 are knocked out. A way to understand this may
go as follows. It has been established that, in general, knocking
out tetraspanins gives rise to inclusion of alternative tetraspanins
which are able to compensate for the effect of removing individual
tetraspanins (68). But a recent paper (64) showed that CD63 is
special—knocking it out gives rise to very minor changes to other
proteins although cholesterol content is significantly changed.
This may explain why the CD63-KO family is different from all
the other three families, WT, WT-SEC, and Pan-KO. But the
statistical fluctuations do not allow us to detect these differences,
the only statistically significant conclusion we can reach is that
the effective KA of CD63-KO is statistically different from the
Pan-KO, while the bending modulus of CD63 KO is statistically
different from WT. Thus we must emphasize the second take-
home message of our paper, to distinguish statistically significant
changes between the properties of families of EV it is not
sufficient to look at only the mean value—the complete PDF
must be taken into account. The final take-home message of
our work is that the error in earlier experiments may have been
underestimated.

The study of the nanomechanical properties of extracellular
vesicles is still in the early stages. The central goal of our paper
is to address one of its greatest challenges: to properly identify
stable and relevant protocols of analysis of EVs.

4. Materials and Methods

4.1. Chemicals and Materials. High-purity deionized water (DIW) with a
resistivity of 18 M cm was used throughout all the experiments. Casein
(C5890) in powder, phosphate-buffered saline (PBS; P4417) in tablets, and
poly-l-lysine (PLL; P2636) were purchased from Sigma-Aldrich (Burlington, MA,
United States). The liposomes of family A were obtained from Liposoma BV, The
Netherlands, and the family B was produced in-house. For in-house formulated
liposomes, DPPC (850355C) and DMPE-PEG2k (880150P) were purchased
from Avanti Polar Lipids (Alabaster, AL, United States), cholesterol (C8667)
was purchased from Sigma-Aldrich (Burlington, M.A., United States), and PBS
was purchased from Gibco (14190144).

4.2. Cell Culture and Extraction, Purification, and Isolation of EVs.
HEK293T (human embryonic kidney-293T) cells were propagated in Dulbecco’s
modified Eagle’s medium containing Glutamax-I and sodium pyruvate; 4.5 g/L
Glucose; Invitrogen) supplemented with 10% fetal bovine serum (FBS;
Invitrogen) and 1% Antibiotic–Antimycotic (Anti-Anti; ThermoFisher Scientific).
In addition, 48 h prior to collection of conditioned media for EV isolation
from HEK293T cells, cells were washed with PBS and the medium was
changed to OptiMem (Invitrogen) (69). HEK293T-CD63KO and HEK293T-PAN-
KO (CD9, CD63, and CD81) cell lines were generated by the delivery of Cas9-
gRNA ribonucleoproteins (Integrated DNA Technologies, Coralville) targeting
respective tetraspanin sequences using RNAiMAX (Thermo Fisher Scientific,
Waltham, MA, USA). Shortly, 10,000 cells per well were seeded in a 96-well
plate and treated after 24 h with 100 ng of Cas9-RNAiMax per well, following
the protocol of Chesnut et al 2015 (70). Three days after treatment the cells were
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stained with anti-CD63-APC or a mixture of anti-CD9/63/81-APC antibodies (14),
and successfully edited cells were sorted on a BD Fusion flow cytometric cell
sorter as single cells per well into 96-well plates. The resulting colonies were
validated and expanded as stable cell lines. All cell lines were grown at 37 ◦C,
5% CO2 in a humidified atmosphere and regularly tested for the presence
of mycoplasma. For EV preparation, cell culture-derived conditioned medium
(CM) was first precleared from cells and debris by low-speed centrifugation
(700× g for 5 min) and subsequent centrifugation at 2,000× g for 20 min to
remove larger particles and debris. Next, medium was filtered through 0.22 μm
bottle top vacuum filters (Corning, cellulose acetate, low protein binding) to
remove any larger particles. Precleared CM was subsequently concentrated via
tangential flow filtration (TFF) by using the KR2i TFF system (SpectrumLabs)
equipped with modified polyethersulfone (mPES) hollow fiber filters with 300
kDa membrane pore size (MidiKros, 370 cm2 surface area, SpectrumLabs), at a
flow rate of 100 mL/min (transmembrane pressure at 3.0 psi and shear rate at
3,700 s−1, as described previously (71). WT-SEC EVs were additionally purified
by bind-elute size exclusion chromatography (BE-SEC): CM were concentrated
by TFF as described above and then loaded onto BE-SEC columns (HiScreen
Capto Core 700 column, GE Healthcare Life Sciences), connected to an ÄKTAstart
chromatography system (GE Healthcare Life Sciences) as described previously
(71). Amicon Ultra-0.5 10 kDa MWCO spin-filters (Millipore) were used to
concentrate the sample to a final volume of 100 μL. EVs were stored in
Maxymum Recovery polypropylene 1.5 mL tubes (Axygen Maxymum Recovery,
Corning, cat MCT-150-L-C) in PBS-HAT buffer (PBS, 25 mM Trehalose, 25 mM
HEPES, 0.2% Human Serum Albumin) before usage as described previously
(14). Prepared sEV samples were characterized by Nanoparticle tracking analysis
(NTA) to determine particle size and concentration using the NanoSight NS500
instrument equipped with NTA 2.3 analytical software and an additional 488 nm
laser (71). The samples were diluted in 0.22 μm filtered PBS to an appropriate
concentration before being analyzed. At least five 30-s videos were recorded
per sample in light scatter mode with a camera level of 11 to 13. Software
settings were kept constant for all EV measurements (screen gain 10, detection
threshold 7). The analysis was performed with the screen gain at 10 and the
detection threshold at 7 for all EV measurements. Successful knockout of CD63
and CD9/CD63/CD81, respectively, were validated by multiplex bead-based EV
flow cytometry (Section 4.5) and single EV imaging flow cytometry (Section 4.6).

4.3. EV Sample Preparation. After purification and isolation, the EVs were
adhered to coverslips. The coverslips were cleaned from organic residue with a
5:1:1 RCA-1 solution of deionized water, NH3, and H2O2 (90 ◦C, 10 min). After
cleaning, the coverslips were coated with 0.001% poly-l-lysine for 90 s. 100 μL
of 1 × 109 part/mL of the sample suspended in 1×PBS was then incubated
for 1 h at room temperature. A cut-up four-well insert (80,469, ibidi GmbH,
Gräfelfing, BY, DE) was used to limit the spatial spread of the EV sample on the
coverslip. After incubation, the substrate was thoroughly washed with 1×PBS.
To reduce the risk of unsolved salt crystals contaminating scans, the PBS was
filtered through a 0.2 μm PTFE filter (514-0070; VWR; AB, SE). Before loading the
sample on the AFM, the liquid volume was increased to approximately 400 μL
to avoid drying out the sample and deflating the vesicles during imaging. The
dried-up sample showed up either as great spikes in the topographical image
or as elongated, short vesicles (SI Appendix, section 13).

4.4. Composition and Preparation of Liposomes. The liposomes of family
A are from a commercial source (Liposoma BV, The Netherlands). The liposomes
have total lipid concentration of 16.7±0.3 mg/mL, at a molar ratio of 30:23:47
DMPC:DOPS:cholesterol. They also contain a proprietary peptide.

The liposomes of family B are produced in-house. They contain DPPC:
cholesterol:DMPE-PEG2k mole ratio of 85:15:1. They were formulated using
the thin film hydration method (72). Chloroform solutions (5 to 10 mg/mL stock
solutions) of the component lipids were mixed in a 1.5 mL glass vial to give
the required mole ratios, resulting in a total of 1 mg of lipid. Chloroform was
evaporated overnight (≈16 h) at room temperature. The film was subsequently
hydrated with 1 mL PBS, followed by heating to 55 ◦C, incubation at 55 ◦C for
30 mins, agitation on a vortex shaker (6 × 10 s at 55 ◦C) and extrusion 35
times at 55 ◦C over a 100 nm polycarbonate membrane (Whatman Nucleopore
Track-Edged Membranes) using an Avanti Mini-Extruder. The size distribution

of the liposomes of family B and their key differences with the family A are
presented in SI Appendix, section 3.

4.5. Multiplex Bead-Based EV Flow Cytometry. The EV surface marker
composition and abundance for the tetraspanins CD9, CD63, and CD81 were
assessed on respective EV samples by multiplex bead-based EV flow cytometry
(MACSPlex EV Kit IO, Miltenyi Biotec) as described before (73, 74). Briefly,
prepared EV samples (assay input dose: 1 × 109 NTA-based particles) were
diluted with MACSPlex buffer to a final volume of 60 μL and incubated
overnight with 10 μL MACSPlex Exosome Capture Beads on an orbital shaker at
room temperature (RT) in the dark. Beads were washed with MACSPlex buffer,
and then 4 μL of APC-conjugated CD9, CD63, and CD81 (Pan tetraspanin)
detection antibodies were added to each sample, respectively, in a total volume
of 135 μL. Following incubation for 1 h on an orbital shaker at RT, samples
were washed again and incubated for another 15 min before a final washing
step was performed. Incubation and washing steps were performed in 0.22
μm filter plates. Final samples were resuspended in 150 μL MACSPlex buffer
and acquired on a MACSQuant Analyzer 10 flow cytometer (Miltenyi Biotec).
Data were analyzed with FlowJo software version 10.5.3 and expressed as
log10-transformed fold change values over respective non-EV containing buffer
controls as described before (75). The heat map was generated with Morpheus
(https://software.broadinstitute.org/morpheus). The relevant data are presented
in SI Appendix, section 1.

4.6. Single EV Imaging Flow Cytometry. For single EV analysis experiments
by Imaging Flow Cytometry (IFCM), EV samples were diluted in PBS-HAT
(DBPS supplemented with 25 μM HEPES, 0.2% human albumin and 25 μM
trehalose) (76) to a final concentration of 1× 1010 particles/mL before usage.
A volume of 25 μL (equivalent to 2.5 × 108 particles) was incubated with
either CD63-APC antibodies or a mixture of CD9/CD63/CD81-APC antibodies
(Pan-tetraspanin; CD9-APC, Miltenyi Biotec 130-103-956, lot 5200907825;
CD63-APC, Miltenyi Biotec 130-100-182; lot 5200907851; CD81-APC, Beckman
Coulter A87789, lot 200038) at a final respective antibody concentration of 4
nM overnight. Post staining, samples were diluted 1:10,000 in PBS-HAT before
acquisition on a Cellstream instrument (Amnis/Cytek) with FSC turned off, SSC
laser set to 40%, and all other lasers set to 100% of the maximum power. Small
EVs were defined as SSC(low) by using CD63-mNeonGreen (mNG)-tagged EVs as
biological reference material as described before (77), and regions to quantify
fluorescence-positive populations were set according to unstained samples.
Samples were acquired for 5 min at a flow rate of 3.66 μL/min (setting: slow)
with CellStream software version 1.2.3 and analyzed with FlowJo Software
version 10.5.3 (FlowJo, LLC). Dulbecco’s PBS pH 7.4 (Gibco) was used as sheath
fluid. Fluorescence calibration was performed as described previously (77). In
brief, FITC MESF beads (Quantum FITC-5 MESF, Bangs Laboratories Inc., cat 555A,
lot 13734) and APC MESF beads (Quantum APC MESF, Bangs Laboratories Inc.,
cat 823A, lot 13691) with known absolute fluorescence values for each bead
population were acquired with the same settings used for EV measurements
with the exception that the SSC laser was turned off, and linear regressions
were performed to convert fluorescence values into FITC/APC MESF values,
respectively. Flow cytometric plots using MESF unit axes were created with
FlowJo v10.5.3. The relevant data are presented in SI Appendix, section 1.

4.7. AFM. The biophysical measurements were performed with a NanoWizard
3 BioScience AFM from JPK (Berlin, BE, Germany). A CoverslipHolder from
Bruker was used to enable a liquid environment. Performing measurements in
1×PBS allows a higher preservation of their spherical shape than measurements
performed in air (78). Qp-BioAC cantilevers from NanoAndMore GMBH (Wetzlar,
HE, Germany) with nominal spring constants of 0.06 N/m, 0.1 N/m, and 0.3 N/m
were used. For the study, we used AFM-tip of radius≤ 10 nm and a maximum
indentation force of 800 pN. All sessions started using the cantilever with the
lowest nominal spring constant which was swapped to the other cantilever as tip
contamination occurred. Before imaging the spring constant of the cantilever
was determined through the thermal noise method (79). Images were obtained
in Quantitative Image (QI) mode with an imaging force of 200 pN. First, a coarse
scanofa10 μm×10 μmlargeregionwitharesolutionof39nm/pixelwascarried
out. Objects with height greater than 25 nm and width greater than 100 nm at
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this resolution were classified as potential EVs. For this, a 500 nm × 500 nm
or 400 nm × 400 nm scan centered around the object at a resolution of 3.9
or 4 nm pixel-1 was considered. If the object exhibited a spherical cap shape
it was assumed to be a vesicle, and force spectroscopy measurements were
performed at its center. The force spectroscopy measurements were carried
out with the maximum indentation force of 0.8 nN. At least 150 consecutive
indentations were performed at the constant speed of 200 nm/s. After the set of
force spectroscopy measurements, the vesicle was imaged again to ensure that
the measurements had not damaged, deformed, or otherwise moved the vesicle.

4.8. Post Data Capture Processing. In Gwyddion, all single EV images were
tilt-corrected and shifted in the z-direction to let the lowest pixel represent zero
level. A line profile in the slow scan direction over the EV peak was exported to
Matlab where a script calculated a radius of curvature (Rc) by fitting a circle to
all the points with heights greater than half the maximum height as previously
suggested in ref. 6. In the same protocol, Vorselen et al., suggest applying forces
in the 5 to 10 nN range to completely indent the vesicle and reach the substrate.
This allows the height, H, of the vesicle to be extracted from the force–distance
curve instead of through the topographical images. However, such large forces
are likely to rupture the vesicles and we avoid this step. Instead, the height was
extracted from the line profile over the center of the EV.

4.9. Force Distance Curve Analysis. The force–distance curves were pro-
cessed in the JPK Data Processing program. First, the offset and the tilt of the
baseline were corrected. After this, the contact point between the AFM tip and
the vesicle was found. Finally, the height was corrected for cantilever bending.
A successfully processed curve would have its contact point at 0 nm indentation,
and a constant baseline around 0 pN. The retract curves were exported to Matlab
where a script identified curves with tether formations and extracted their length
and force magnitude. The set of selection rules for the force–distance curves are
given in SI Appendix, section 14.

Data, Materials, and Software Availability. Codes, EV measurements, and
simulation data have been deposited in Zenodo (80).
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