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Abstract Extracellular vesicles (EVs) are small vesicles
ensuring transport of molecules between cells and through-
out the body. EVs contain cell type-specific signatures and
have been proposed as biomarkers in a variety of diseases.
Their small size (<1 pm) and biological and physical func-
tions make them obvious candidates for therapeutic agents
in immune therapy, vaccination, regenerative medicine and
drug delivery. However, due to the complexity and hetero-
geneity of their origin and composition, the actual mecha-
nism through which these vesicles exert their functions is
still unknown and represents a great biomedical challenge.
Moreover, because of their small dimensions, the quanti-
fication, size distribution and biophysical characterization
of these particles are challenging and still subject to con-
troversy. Here, we address the advantage of atomic force
microscopy (AFM), for the characterization of isolated EVs.
We review AFM imaging of EVs immobilized on different
substrates (mica, glass) to identify the influence of isolation
and deposition methods on the size distribution, morphology
and mechanical properties of EVs.
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Introduction

Extracellular vesicles (EVs) are small phospholipid-based
vesicles present in most, if not all, human body fluids. They
are naturally released by cells into the surrounding medium
and are used as vehicles for cargo molecules such as pro-
teins and genetic material between cells and throughout the
body. EVs mediate active communication between cells
and regulate the growth and the fate of adjacent and distant
cells (Roma-Rodrigues et al. 2014). The two most promi-
nent classes of EVs are nanoscale exosomes (EXOs) with
dimensions between 30 and 150 nm originating from the
endosomal system, and larger microvesicles (100—1000 nm)
created by the budding of the plasma membrane. Recently,
EXOs have drawn considerable attention from the scientific
community for their potential application to nanomedicine,
in particular in the fight against cancer. It has been shown
that, in tumour models, both cancer cells and tumour micro-
environment (TME) stromal cells release EXOs that promote
tumour-induced immune suppression, angiogenesis and
metastasis (Bourkoula et al. 2014). Aside from promoting
tumour proliferation, studies conducted on EVs extracted
from cancer patients have shown that EXOs carry distinct
markers for most types of cancerous tumours and could
hence be used as an early diagnostic tool, when cancer is
more easily treatable (Vella 2014; Skog et al. 2008; Akers
et al. 2013; Svensson et al. 2011). The potential goes beyond
cancer detection since EXOs could be used as markers for a
variety of diseases, but also as therapeutic agents in immune
therapy, in regenerative medicine, drug delivery and in vac-
cination trials (Fais et al. 2016).
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The field, however, is still in its infancy and there are
important issues that need urgent attention. In fact, there are
no accepted standards for the quantification of the chemical
and physical properties of EXOs, in particular with respect
to their function. To date, most health-related studies involv-
ing EXOs focus on their biological/genetic content (Fais
et al. 2016; Minciacchi et al. 2015; Tickner et al. 2014) with
little attention to their biophysical properties such as sur-
face charge or mechanical properties. The stiffness of EXOs,
from tumour cells in particular, has recently been indicated
as a malignant-state dependent signature (Whitehead et al.
2015).

EXO characterization is usually carried out following dif-
ferent steps: (1) collection of biofluids or the supernatant
of cultured cells; (2) isolation of vesicles; (3) classification
by size, size distribution; (4) characterization of membrane
receptors (type and distribution); (5) extraction and analysis
of their RNA, DNA and protein contents.

A recent survey (Gardiner et al. 2016) showed that the
characterization of EVs is dominated by Western blot analy-
sis (biomarker individuation), single-particle tracking tech-
niques [size distribution evaluation by nanoparticle track-
ing analysis (Dragovic et al. 2011), resistive pulse sensing
(Vogel et al. 2016; Anderson et al. 2015), dynamic light scat-
tering (Van der Pol et al. 2010)] and electron microscopies
(morphological and structural characterization; Sharma et al.
2010; Van der Pol et al. 2012). According to the survey, less
than 10% of the work carried out with EVs have employed
atomic force microscopy (AFM). Compared to the other
techniques, AFM can at the same time measure vesicle size
distribution, map their mechanical properties with nanomet-
ric precision (Whitehead et al. 2015; Calo et al. 2014) and
also be used for functional analysis of the protein content
of the EXO’s external membrane, via antibody-coated tips
(Yuana et al. 2010; Sharma et al. 2011). Moreover, by using
specific antibody-coated surfaces (mica and glass), different
EXO subpopulations can be captured (Hardij et al. 2013;
Jorgensen et al. 2013) and analyzed by AFM. Despite its
adaptability, however, the use of AFM for EV characteriza-
tion is still limited to a few studies, mainly because of the
strong effect of immobilization conditions on the measure-
ment of vesicle size. Indeed, there is no consensus yet on
the best strategies for a proper AFM characterization of size,
morphology and stiffness of exosomes.

Here we review the results of different immobilization
strategies on the visualization of exosomes via AFM, evi-
dencing hurdles and precautions to be taken into account
when analysing EXO size distribution and mechanical prop-
erties with this technique. At the same time, we propose
physical explanations for the artefacts both deriving from
sample preparation procedures and intrinsic to the measure-
ments, showing how to obtain reliable vesicle size distribu-
tions with AFM.
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Results and discussion

In Fig. 1, we report the typical experimental workflow for
the AFM analysis of EVs. Isolation of the vesicles from bio-
fluids or from the extracellular medium of cultured cells is
usually carried out by size exclusion chromatography, ultra-
centrifuge, particle precipitation, cross flow and diafiltration.
Several reports on the different methods for EV isolation and
their relative throughput/purification level have been pub-
lished (Paolini et al. 2016; Khatun et al. 2016; Gholizadeh
et al. 2017; Caponnetto et al. 2017; Woo et al. 2016; Iwai
et al. 2016). Here, we focus our attention on the steps fol-
lowing vesicle isolation, namely surface immobilization and
subsequent AFM analysis.

AFM imaging requires a sample immobilized on a sur-
face. To image biological samples (DNA, proteins, fibrils,
vesicles), the surface has preferentially to be very flat (rough-
ness <0.5 nm), to inherently have some residual charge for
electrostatic interaction, and in some cases, to be transparent
(especially when AFM is coupled with fluorescence optical
imaging). In Fig. 2 and in Table 1, we summarize the prin-
cipal immobilization methods reported so far for EV visu-
alization. Among the available substrates, muscovite mica
is easily cleavable, leaving a negatively charged, atomically
flat surface and represents the most common substrate for
single molecule imaging of DNA and proteins. It has been
the first choice also for the AFM imaging of EXOs (Fig. 2a).
In fact, the electrostatic interaction between the bare surface
of mica and the vesicles is sufficient to keep them attached to
the surface, also after washing with pure water or buffer and
drying with nitrogen for imaging in air (Palanisamy et al.
2010; Sharma et al. 2010, 2014; Woo et al. 2016; DiNoto
et al. 2016; Tian et al. 2010; Paolini et al. 2016; Caponnetto
et al. 2017). Increasing the incubation time renders vesicle
imaging possible even in liquid without functionalization
of the mica surface, as reported by several groups (White-
head et al. 2015; Regev-Rudzki et al. 2013; Danielson et al.
2016). However, to improve the stability of immobiliza-
tion in liquid and/or the selectivity of vesicle binding with
respect to potential contaminants, the surface of mica can be
functionalized with either charged polymers (Sebaihi et al.
2017; Woo et al. 2016) or antibodies (Sebaihi et al. 2017;
Hardij et al. 2013; Yuana et al. 2010; Fig. 2b, c¢). Similar
results have been also obtained with glass slides and silicon
surfaces where an oxygen plasma can create electrostatic
conditions for a sufficiently strong binding to the surface
(Calo et al. 2014) or the presence of antibodies can facili-
tate the immobilization of the desired vesicles (Gajos et al.
2017). Great care should be taken in the optimization of the
functionalization protocols to avoid an excessive increase
in surface roughness. In fact, as will be discussed in more
detail in the next few paragraphs, EXO height in AFM is
reported to be in some cases as low as a few nanometers
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quently extracted and isolated
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cells or directly from the bio-
fluid of interest (blood, saliva,
urine). EXOs are then deposited
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and analyzed with AFM
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Table 1 Table summarizing the most common immobilization strategies for extracellular vesicles visualization by atomic force microscopy

Immobilization strategy ~ Substrate AFM imag-  References
ing condi-
tions
Bare surfaces Freshly cleaved mica Air Palanisamy et al. (2010), Sharma et al. (2010, 2011, 2014), Sharma and

Gimzewski (2012), Woo et al. (2016), DiNoto et al. (2016), Tian et al.
(2010), Paolini et al. (2016), Caponnetto et al. (2017)

Freshly cleaved mica Liquid Whitehead et al. (2015), Regev-Rudzki et al. (2013), Danielson et al.
(2016)
Glass slides Liquid Siedlecki et al. (1999), Calo et al. (2014)
Air Nguyen et al. (2016), Tian et al. (2010)*
Functionalized surfaces Poly-L-lysine coated mica  Air Sebaihi et al. (2017)
APTES-modified mica Liquid Woo et al. (2016), Iwai et al. 2016)
Antibody-coated surfaces Anti-CD235a-coated mica  Air/liquid Sebaihi et al. (2017)
Anti-CD142 Air/liquid Hardij et al. (2013)
Anti-CD41 coated mica Liquid Yuana et al. (2010), Ashcroft et al. (2012)
Anti-PAC-1-coated silicon  Air Gajos et al. (2017)

In the specific case, the deposition on glass was used for fluorescence imaging
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(Palanisamy et al. 2010), while sometimes the roughness of
antibody coated surfaces can be of the same order of magni-
tude (roughness values of 2.3 and 2.6 nm have been reported
in Yuana et al. 2010), potentially hindering proper vesicle
visualization.

The measured EXO height values ranged from a few
nanometers to several tens of nanometers, depending on
imaging conditions and immobilization method employed.
Usually, when measurements are performed in air in ampli-
tude modulation mode, the height distribution ranges from
1-2 to 15-20 nm, while the diameter spans from 30 to
200 nm (Palanisamy et al. 2010; Sharma et al. 2010, 2011,
2014; Sharma and Gimzewski 2012; Woo et al. 2016;
DiNoto et al. 2016; Tian et al. 2010; Paolini et al. 2016;
Sebaihi et al. 2017; Hardij et al. 2013). In air, exosomes
often appear as roundish vesicles, presenting a typical “cup
shape” (Palanisamy et al. 2010; Sharma and Gimzewski
2012). In Fig. 3a, we present an AFM image of SKBR3-
derived EXOs deposited on mica, dried with N, and imaged
in air in amplitude modulation AFM (NT-MDT Solver
Pro, spring constant 2 N/m, resonance frequency ~70 kHz,
amplitude =50 nm). This “cup shape” effect is clearly dis-
tinguishable, with the vesicles presenting a central collapsed
area (see arrows in Fig. 3a) that appears almost as dark as
the mica surface around it. This effect has been shown to be
more pronounced when increasing the applied force dur-
ing AFM measurements (Sharma et al. 2010) and can be
avoided working in very soft amplitude modulation con-
ditions or in peak force mode (Hardij et al. 2013; Sebaihi
et al. 2017; DiNoto et al. 2016; Paolini et al. 2016; Capon-
netto et al. 2017). The central collapse of the vesicles is,
therefore, mainly imputed to the mechanical perturbation
exerted by the AFM tip to the vesicle in air: the vesicle cen-
tral area is softer than its surroundings, and responds to the
force applied by the tip with a more pronounced indentation
(Sharma et al. 2010).

Few attempts have been made to preserve the shape of
vesicles while imaging them in air by using fixation proto-
cols, like the ones adopted in electron microscopy. However,
fixation with glutaraldehyde or paraformaldehyde has been

Oonm

Fig. 3 Representative AFM topographic images (amplitude modula-
tion) of EXO samples obtained following different preparation meth-
ods. a EXOs spotted on mica, dried with N, and imaged in air. b
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reported for the analysis of EVs (Nguyen et al. 2016; Rauti
et al. 2016). After fixation, the vesicles appear more spheri-
cal with respect to the non-fixated ones: during the fixation
process, in fact, aldehydes stabilize the nucleic acid-protein
shell interacting with free amino groups, with a cross-linking
effect that stabilizes the membrane, preserving the natural
structures of the molecules (lipids, proteins) and hence the
vesicle shape (Chao and Zhang 2011). In Fig. 3b, we report
an image taken in our group of SKBR3-derived EXOs, fixed
in 4% paraformaldehyde, deposited on mica, dried with N,
and imaged in air in amplitude modulation AFM (NT-MDT
Solver Pro, spring constant 2 N/m, resonance frequency
~70 kHz, amplitude =50 nm).

When vesicles are imaged in a liquid environment, their
spherical shape is preserved during AFM imaging, and
heights in the range of 10-100 nm are routinely measured,
regardless of the imaging conditions [amplitude modula-
tion AFM in the case of Regev-Rudzki et al. (2013), Sebaihi
et al. (2017), and Calo et al. (2014) and peak force AFM
with Hardjj et al. (2013), and Whitehead et al. (2015)]. As
an example of AFM measurements in liquid, in Fig. 3c, we
report an image of SKBR3-derived EXOs, deposited on a
plasma-cleaned glass slide [following protocols reported in
Calo et al. (2014)], imaged in PBS in amplitude modulation
AFM (MFP-3D Asylum Research, spring constant 0.1 N/m,
resonance frequency ~32 kHz, amplitude ~30 nm).

The specific drying process used before measurements
in air might also affect AFM morphological measurements.
Hardji et al. (2013) observed a shrinking of the particle size
from liquid to air measurements, and attributed this effect
to the loss of water during the drying process. On the con-
trary, Sebaihi et al. (2017) observed no differences between
diameter and height distributions of the same EVs meas-
ured in liquid and in air. Sebaihi et al. justified the con-
trasting results with the different mechanical response of
the two distinct families of EVs used in his work and in the
one of Hardji et al. However, in Hardij et al. (2013), as in
many other reports, EVs were dried by means of a gentle
stream of nitrogen, while in Sebaihi et al. (2017) the water
drop covering EVs was left to naturally evaporate. This last

12 21

onm [N Oonm

EXOs spotted on mica, fixed with PFA, dried with N, and imaged in
air. ¢ EXOs spotted on plasma-cleaned glass, and imaged in PBS
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Fig. 4 Scheme and example
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method keeps the vesicles hydrated during in air measure-
ments, better preserving their shape. A similar observation
has been reported by Chernishev et al. (2015): by means of
electron microscopy measurements, dynamic light scatter-
ing and nanoparticle tracking they observed that an isotropic
desiccation in aerosol is more prone to preserve the spherical
shape of the exosomes, than a direct drying on a surface.

As a general effect on the measured size distribution in
both liquid and air measurements, tip convolution effects
should be taken into account in the vesicles’ lateral size
assessment: the finite dimensions of the tip cause an exten-
sion of the interacting surface area, that is reflected in a
broadening of the surface features (Canet-Ferrer et al. 2014).
Usually, in the evaluation of particle dimensions, tip convo-
lution effects are minimized by taking into account the diam-
eter measured at mid-height of the vesicles. Nonetheless, as
proven by Sebaihi et al. in their recent report (Sebaihi et al.
2017), by deconvoluting tip effects, the distribution of diam-
eters shifted towards lower values, from an average value
of 76.2 + 19.9 nm before correction to 64.1 + 19 nm after
correction. An accurate analysis of the tip size after imag-
ing should be carried out on reference samples [polysterene
beads, as suggested in Sebaihi et al. (2017) or commercially
available kits (Yacoot and Koenders 2008)]. This effect
has, therefore, to be considered when comparative analyses
between EXOs of different origin are performed. In fact, size
distributions can be different in healthy or tumour-derived
vesicles, as already observed by Sharma et al. (2011): in
oral cancer patients saliva-isolated exosomes have a broader
distribution and an average size significantly higher than the
ones of healthy donor-derived exosomes.

The change in size distribution is not the only effect
observed on analysing tumour and healthy vesicles. Indeed,
Whitehead and coworkers demonstrated that the mechani-
cal properties (stiffness and adhesion) of vesicles derived
from malignant cells are, on average, one order of magnitude

d (nm)

lower compared with non-malignant cell EXOs (Whitehead
et al. 2015). In their report, by using dynamic nanomechan-
ical mapping (DNM) in liquid (Zhang et al. 2014), they
acquired fast force curves for each recorded image pixel,
and simultaneously visualized, with standard topographic
images, adhesion and stiffness maps. This kind of nanome-
chanical analysis should be further implemented for clinical
purposes.

Beside force mapping as implemented in DNM, a bunch
of single force-indentation curves can be measured on iso-
lated vesicles with a standard AFM setup. In Fig. 4, we
report a schematic and a typical force-indentation curve on
a vesicle. We can clearly observe the onset of interaction
force between the AFM tip and the EV surface starting at
around 20 nm (black arrow in Fig. 4) from the surface of
the supporting glass (6 = 0). This force-distance curve is in
agreement with typical indentation curves for lipid vesicles
on hard surfaces (Liang et al. 2004; Roos et al. 2010; Park
2010; Li et al. 2011; Vorselen et al. 2017). Such curves can
be then be analyzed by modelling the nanovesicles as elastic
shells with a defined thickness as reported by Calo et al.
(2014). They extracted the elastic modulus of EVs derived
from Saccharomyces cerevisiae, using the thin shell formula
of Hernando-Perez et al. (2012), finding values comparable
with vesicles of other origin reported in the literature.

Remaining with nanomechanics, recently, Voorselen
et al. presented an AFM nanoindentation-based approach for
quantification of the mechanics of nanovesicles. They used
liposomes of mixed compositions and analyzed their nano-
mechanical behaviour by developing a theoretical model,
which includes fluidity effects on the membrane. They were
able to show the importance of internal osmotic pressure
due to surface adhesion in the analysis of liposomes in liquid
conditions. Their findings might then be exported to study
natural vesicles and compared with the data already present
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in the literature (Calo et al. 2014; Palanisamy et al. 2010;
Sharma et al. 2010).

Finally, additional information on vesicle composition
can be obtained from force-distance curves with AFM tips
functionalized with antibodies directed to proteins present
in the membrane of vesicles, as demonstrated by Gimze-
wsky’s group (Sharma et al. 2010). Their analysis of the
distribution of rupture events showed that the specific inter-
action between the antibody (anti-CD63) and the protein
(CD63) on the membrane of the exosomes ranged from 30
to 200 pN, evidencing strong adhesive events, easily distin-
guishable with respect to nonspecific interactions (Sharma
et al. 2010). The molecular recognition mapping based in
this approach could allow the visualization of EVs by their
biomolecular load and their specific interaction, allowing
distinguishing of different EXO subpopulations.

Conclusions

We presented here an overview of the AFM characterization
of EVs. We reviewed different conditions of immobilization
and imaging of the vesicles, evidencing the importance of
operating in liquid to better preserve the physical proper-
ties of the vesicles. Imaging in air is definitely useful to
rapidly check the presence of vesicles and the quality of the
sample; however, to obtain meaningful size distributions,
and carefully derive mechanical properties, AFM in liquid
is the optimal choice. Establishing immobilization and visu-
alization protocols is the starting point for the collection
of an “ID card” (size distribution, morphology, mechanical
properties, biomolecular load) of exosomes derived from
specific subpopulations of cells. This ID card could be an
effective tool for discrimination between exosomes deriv-
ing from cancer and healthy cells and will be crucial in the
development of protocols for the separation and analysis of
plasma-derived exosomes whose origin is unknown.
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