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A B S T R A C T   

Despite of advances in modern therapeutics, one of the most feared complications of cancer are brain metastases, 
which often cause life impairing profound neurological symptoms and premature death. Breast adenocarcinoma 
is among the leading “sources” of brain metastases. Since the central nervous system lacks a classical lymphatic 
circulation, invading metastatic cells can reach the brain parenchyma only through haematogenous routes and 
must breach the blood-brain barrier (BBB). The key step before the transmigration of metastatic cells through the 
highly regulated interface of the BBB is the establishment of firm adhesion between the tumor cell and the ce-
rebral endothelial layer. Using atomic force microscopy, as a high resolution force spectrograph, direct mea-
surements of intercellular interactions was performed between living adenocarcinoma cells and a confluent 
endothelial layer pre-treated with carcinoma cell-derived exosomes. By immobilization of a living adenocarci-
noma cell to an atomic force microscope’s cantilever, intercellular de-adhesions were directly measured by single 
cell force spectroscopy (SCFS) at quasi-physiological conditions. De-adhesion dynamics and strength was char-
acterized by several different calculated parameters, involving aspects of both membrane and cell surface related 
factors. Our results indicate that de-adhesion strength was lower in case of exosome pre-treated endothelial cells 
as compared to non-treated controls. Breast adenocarcinoma-derived exosomes have direct effect on de-adhesion 
pattern of brain endothelium.   

1. Introduction 

The most common brain malignancies are not locally developed but 
due to metastases, presenting the most frequent neurological compli-
cations of systemic cancer and result in poor prognosis for patients [1]. 
Although incidence of brain metastases might be underestimated, breast 
cancers are in the second place regarding the origin of metastatic brain 
lesions [2]. 

Several factors play important role in metastatic site selection, 
among which role of tumor cell derived exosomes and micro-vesicles 
gained visibility only recently [3]. These small 
membrane-encapsulated vesicles may play important roles in several 
aspects of metastatic processes [4,5]. Their large variety, regarding both 
size and content makes it extremely difficult to address and answer 
simple but important questions related to their function. As the diameter 

of exosomes is, by definition, below the optical limit, tools for 
morphological investigations are limited. Although some emerging 
super-resolution techniques could enlarge our knowledge in the near 
future, atomic force microscopy (AFM) is straightforward and versatile 
technique in the field of exosome characterization. 

Atomic force microscopy has evolved to a powerful high-resolution 
imaging and force sensing tool in biology and medicine [6], where 
cancer biology and metastatic processes are not exceptions [7]. As the 
AFM can operate in liquid environment and act as a picoNewton range 
force sensor, offers enlarging potential in the investigation of extracel-
lular vesicles and exosomes [8,9]. Extracellular vesicles, as a fraction of 
sub cellular vesicles have their diameter from few tens up to few hun-
dreds of nanometer which makes them ideal candidate for AFM-based 
investigations. 

Adhesion molecules on the surface of tumor cell-derived exosomes 
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may have important role in organotropic metastasis [10]. Tumor 
cell-derived exosomes might influence biophysical properties of source 
cells as showed in case of hepatocellular cancer cells [11]. Exposure to 
tumor derived micro-vesicles has effect on roughness and morphology of 
gastric adenocarcinoma cells [12]. Exosomes can have different nano-
mechanical properties depending on malignancy, influence endothelial 
leakiness and might be implicated in monolayer disruption [13]. Exo-
somes and micro-vesicles may influence biophysical properties of both 
tumor and target cells which might be crucial for metastasis progression 
[14]. 

As the brain lacks classical lymphatic circulation, invading tumor 
cells must breach the tight layer of brain endothelium in order to 
establish colonies in the parenchyma. Although this multistep process 
has several pitfalls and metastasis is not counted as an effective process, 
the first and crucial step is for tumor cells to establish a firm connection 
to the endothelial cells. Strength of this linkage may be different when 
endothelial cells are pre-exposed to tumor-derived exosomes. Classical 
cell-adhesion assays do not provide direct information on dynamics of 
intercellular linkage formation. 

Exosomes are key mediators of pre-metastatic niche formation. They 
transport bioactive molecules to distant metastatic sites to reprogram 
recipient cells. As a result, tumor cells prepare the receiving organs to be 
more permissive to metastatic outgrowth [3,15,16]. By forming the first 
defense line of metastatic organs against invading tumor cells, endo-
thelial cells are the first targets of tumor exosomal remodeling. How-
ever, it is largely unknown how exosomes influence transendothelial 
migration of tumor cells. 

The aim of the present study was to investigate whether pre- 
treatment of brain endothelial cells with tumor derived exosomes does 
have any influence on the de-adhesion and un-binding dynamics be-
tween tumor and endothelial cells. This step might be crucial in the 
successful brain colonization and its detailed understanding may 
contribute to successful prevention. Up to our best knowledge, direct 
cell de-adhesion measurements targeting the effect of tumor-derived 
exosomes on de-adhesion strength of tumor cells from brain endothe-
lial cells were not yet reported. Hereby, effect of triple negative breast 
adenocarcinoma derived exosomes on de-adhesion strength of host 
tumor cells to brain endothelial layer is presented. The used setup 
eliminates most of the probing cell-introduced uncertainty by measuring 
the de-adhesion pattern of the very same tumor cell to differently treated 
layers of brain endothelium. Furthermore, we use the direct and high 
resolution method based on single cell force spectroscopy to charac-
terize the dynamics of de-adhesion pattern of intercellular linkage. 

2. Materials and methods 

2.1. Cell culture 

The hCMEC/D3 human microvascular cerebral endothelial cells 
(shortly D3, [17]) were grown on rat tail collagen-coated dishes in 
EBM-2 medium (Lonza) supplemented with EGM-2 Bullet Kit (Lonza) 
and 2.5 % FBS (Sigma-Aldrich). MDA-MB-231 human breast cancer cells 
were kept in DMEM medium (Sigma-Aldrich) supplemented with 5% 
FBS (Lonza). Before measurements, all adenocarcinoma cells were 
labeled with CellTracker™ Red CMTPX Dye (Life Technologies) 
following the manufacturer’s instructions. 

4 well micro-insert chambers (Ibidi, Cat. No. 80466) were used to 
compartmentalize the D3 cells cultured in parallel in order to reduce 
passage and handling related variance. One compartment was always 
kept for non-treated cells, while the cells cultured in two other well-pairs 
received MDA-derived exosomes in different concentration (2.5, 5, 10, 
20 μg/mL; pairing 2.5 with 10 and 5 with 20) for 24 h prior to experi-
ments. During measurements, the silicon insert was removed from the 
surface of the Petri dish. Cells were washed and given serum free L-15 
Leibovitz Medium (Sigma-Aldrich). 

2.2. MDA cells-derived exosome harvesting 

MDA-MB-231 cells were cultured in exosome-depleted 2 % FBS 
containing media in 10 cm diameter dishes until 80 % confluence. Cells 
were given fresh media and kept for additional 24 h prior to exosome 
harvesting. In order to obtain intact exosomes, they were isolated by 
differential centrifugation method: 700 x g, 5 min, 1000 x g, 8 min, 
10,000 x g, 30 min (microvesicles), the supernatant was filtered through 
a 0.22 μm pore size membrane (Millipore) followed by centrifugation at 
150,000 x g, 90 min all at 4 ◦C. Exosomes were collected in PBS and 
stored at -20 ◦C. Exosome concentration was measured by their protein 
content using micro-bicinchoninic acid method (MicroBCA, Thermo 
Fisher Scientific). 

2.3. PKH26-staining protocol for MDA exosomes uptake 

MDA-MB-231 derived exosomes were labeled with fluorescent dye 
PKH26 using the PKH26 labeling kit (Sigma-Aldrich). Briefly 1,5 mg/mL 
of exosomes in PBS were mixed with 2 μL of PHK26 dye (1:500) diluted 
in diluent C (1∶1 v/v) for 5 min. The labelling was stopped by adding 1% 
BSA in PBS to the mixture and centrifuged at 150,000 x g for 90 min to 
pellet the PKH26 labeled exosomes. The exosome pellet was further 
washed once with PBS by ultracentrifugation at 150,000 x g for 90 min, 
to remove any free dye. Finally, the exosome pellet was resuspended in 
200 μL PBS, protein concentration was determined again as previously 
described, labelled exosomes were used for uptake studies. 

PKH26 labeled MDA-derived exosomes were placed onto confluent 
hCMEC/D3 cells grown on glass coverslips in 10 ug/mL and 20 ug/mL 
concentrations in 5 parallels in serum-free EBM-2 medium. Separately 5 
samples were given PKH26 ultracentrifuged the same way as the exo-
somes, as dye control. After 24 h incubation, endothelial cells were 
extensively washed with PBS and fixed with 3% PFA for 10 min, fol-
lowed by nuclei staining with Hoechst 33342 (1 ug/mL, Sigma-Aldrich). 
The coverslips were mounted with Fluoromount G (Thermo Fisher Sci-
entific) anti-fading mounting medium. Samples were analyzed with 
Leica SP5 confocal microscope (Leica Biosystems) using 63x objective. 

2.4. Western blot analysis 

Exosomes were lysed in ice-cold lysis buffer (20 mMTris, 150 
mMNaCl, 0.5 % Triton X-100, 1% sodium deoxycholate, 0.1 % sodium 
dodecyl sulphate, 1 mM sodium vanadate, 10 mMNaF, 1 mM EDTA, 
1 mMPefabloc®), incubated on ice for 30 min followed by centrifugation 
at 10,000 g for 10 min at 4 ◦C. Laemmli buffer was added to samples and 
incubated at 95 ◦C for 3 min. Proteins were electrophoresed with stan-
dard denaturing SDS-PAGE procedures and blotted on PVDF (0.2 μm 
pore size, BioRAD) membranes. Blocking the nonspecific binding ca-
pacity of the membranes was carried out at room temperature for 30 min 
in TBS-T (Tris buffered saline with 0.1 % Tween-20) containing 3% BSA. 
Membranes were incubated with primary antibodies against Grp94 (Cell 
Signaling), Hsp70 (BD Biosciences), Alix (Santa Cruz) overnight at 4 ◦C 
in TBS-T. After washing the membranes three times for 5 min in TBS-T, 
the blots were incubated with the secondary antibodies diluted in TBS-T, 
then washed again three times for 10 min in TBS-T. Immunoreaction was 
visualized with Clarity Chemiluminescence Substrate (Bio-Rad) in a 
ChemiDoc MP System (Bio-Rad). 

2.5. Dynamic light scattering 

The size distribution of the samples was determined using dynamic 
light scattering (DLS, Zetasizer Nano ZS, Malvern instruments). The 
device is equipped with a He-Ne laser with the wavelength of 633 nm. 
The method is based on the scattering intensity fluctuation over time 
due to the Brownian motion of the small particles in the suspension. 
Autocorrelation function is used to calculate the size distribution from 
the recorded intensity trace. The resulting size values are equal to the 
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hydrodynamic radius of spheres based on the Stokes–Einstein equation. 
Since the determined size is the diameter of a sphere that moves as the 
scattering object, the method accurately measures the size of the exo-
somes. All measurements were carried out in PBS, at room temperature 
(25 ◦C), performing minimum 3 measurements for each sample (be-
tween 11–16 runs each) with the automatic resolution and parameters 
calculated by the driver software of the instrument. 

2.6. Atomic force microscope 

Experiments were carried out with an Asylum Research MFP-3D 
atomic force microscope (Asylum Research, Santa Barbara, CA; 
driving software IgorPro 6.32A, Wavemetrics), mounted on a Zeiss 
Axiovert 200 optical microscope. 

For imaging, overall gold-coated silicon nitride cantilevers, holding a 
v-shaped tip with 30 nm radius of curvature (BL RC150VB-A by 
Olympus) were used. The cantilevers had a nominal spring constant of 
50 pN/nm and resonant frequency of 37 kHz. Images were recorded in 
PBS after immobilization of MDA cell- derived exosomes onto a glass 
surface. Presuming that the surface of exosomes contains proteins, a 
glutaraldehyde based immobilization method used for proteins was used 
[18]. 

The de-adhesion experiments were performed with gold-coated n- 
type silicon rectangular tipless cantilevers, nominal resonant frequency 
14 kHz, spring constant of 50 pN/nm (MikroMasch, Tallinn, Estonia). 
Each probe was calibrated prior to experiment, based on two well- 
established spring constant calibration techniques, the thermal noise 
method [19,20] and the Sader method [21,22]. 

2.7. Force measurements 

Freshly cultured MDA cell was immobilized at the very end of a 
tipless cantilever with the help of ConcanavalinA mediated linkage [23]. 
During a force measurement cycle, the tumor cell was brought into 
contact with surface adhered endothelial cell. Each cycle consisted of 
lowering and pulling back the cell decorated cantilever until the pre-set 
deflection was reached as depicted on panel A of Fig. 1. 

Force curves were recorded at constant loading speed (2 μm/s) and 

sampling frequency (0.5 kHz). Total force distance was kept at 8 μm 
with maximum load of 2 nN. For each force measurement, between the 
maximum load and start of retrace a dwell time of 3 s was applied [24]. 
This waiting time was set based on our previous experience to be suf-
ficient for building up intercellular bonds. Curves with partial detach-
ment were excluded from data analysis. Treated and control cells were 
measured in randomized order to exclude sequential errors. Further-
more, only those experiments were taken into calculation when the 
randomly effectuated sequence gave twice the same result. 

2.8. Data analysis 

A custom-made MATLAB routine was used to extract the above 
mentioned parameters. Briefly, adhesion work was calculated as the 
area under the curve colored green (dark + light green) on panel B of 
Fig. 1. Values of Adhesion Force were considered as the difference be-
tween the maximal downward deflection of the cantilever compared to 
the initial non-contact level. Individual rupture events were identified as 
higher differences as three fold the standard deviation of the last 50 
points of each respective force curve. Rupture size was calculated as the 
level differences at the identified rupture events. Such places on 
retraction phases of a typical force curve are marked with pink squares 
on panel B Fig. 1, magnified at same figure’s inset. 

Presented data comes from ten in case of exosome treatment and 
seven parallels in case of control experiments. All histograms shown 
represent a probability distribution of the respective parameter, since 
for proper comparison all were divided with the number of data ele-
ments considered. Each obtained histogram was fitted with a bell curve, 
as represented on Fig. 5. 

3. Results 

The goal of our experiments was to compare the de-adhesion forces 
of breast adenocarcinoma cells from human brain endothelial layer in 
presence or absence of carcinoma cell-derived exosomes. 

Exosomes were characterized based on widely used marker proteins 
Alix, Hsp70 and absence of the endoplasmic reticulum chaperone 
molecule Grp94 (panel A of Fig. 2). 

Fig. 1. Panel A: Schematic representation of a force cycle between a tumor cell immobilized at the very end of a tipless cantilever and surface adherent endothelial 
cell: lowering (a), pushing phase (b), early retracting (c), detachment (d). Panel B: Typical Force-Distance curve recorded between tumor and endothelial cell. 
Lowering is marked with red and retraction with blue, letters from a to d represent the phases depicted in panel A. Contact point is marked with “o”, while places of 
stairs like rupture events with pink squares. Specific parameters are highlighted with colored areas as follows: Pull-off force, adhesion work (light + dark green). 
Inset: magnified portion of retrace with individual de-adhesion events highlighted. 
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Size distribution and morphology of exosomes was measured by 
dynamic light scattering and AFM. As it can be observed in panel B and C 
of Fig. 2, predominantly the vesicles with diameter from 100 to 200 nm 
were selected for experiments. 

Size distribution and morphology by AFM has confirmed the pres-
ence of intact particles around 100–200 nanometer (see panel B of 
Fig. 2). 

After characterization of the isolated exosomes, their uptake by 
endothelial cells was visualized. Presence of fluorescently stained exo-
somes around the nuclei of the endothelial cells is presented by Fig. 3. 
Non-bound or not uptaken exosomes were washed prior to imaging, 
therefore only those can be seen on the presented fluorescent images 
which were internalized by endothelial cells. Most of the exosomes 
accumulated around the nuclei, few of them were positioned in other 
cytoplasmic regions. As the orthogonal slices of the right panel shows, 
the exosomes are at the same height with the nuclei, which clearly un-
derlines their intra-cellular position. 

The simplest and most straightforward method to compare the 
established linkage between two living cells is to measure their de- 
adhesion force. Cells were brought together until a pre-defined load 
was exerted on them, succeeded by a short dwell time of 3 s, after which 
they are pulled apart. Schematic details of this process can be seen in 
panel A of Fig. 1. Detachment is showed by subpanels c and d of the 
aforementioned picture. The de-adhesion force between the two cells is 
the deflection opposite to load of the cell decorated cantilever, which is 
detailed in panel B of Fig. 1. Basically, the force needed to separate the 
two cells appears as the difference between the minimum and the end 
point of the blue section on the presented curve. Distribution of these 
values is presented in panel A of Fig. 4 with the help of box and whisker 
plots. 

Slightly more complex parameter to characterize the intercellular 
linkage is the separation energy or de-adhesion work. This is extracted 
as the area under the retraction curve in blue in panel B of Fig. 1, taken 
between the two non-deflection states of the cantilever. This parameter 
is marked as (light and dark) green area on the aforementioned picture. 

In both cases, the de-adhesion force and separation energy, a 
remarkable decrease can be observed if the endothelial layers were 

treated with exosomes (see panel B of Fig. 4). 
The linkage strength can be further characterized by the number of 

rupture events observed during separation of the cells. These events can 
be counted as sudden level difference on the retraction part of the 
recorded signals. Such events are presented and highlighted on the inset 
of panel B of Fig. 1 by small magenta squares. 

These events are fingerprints of the established quick intercellular 
connection. As panel C of Fig. 4 depicts, only slight inclination towards 
smaller numbers can be spotted in case of exosome treatment. Although 
the medians are practically similar in all cases, the larger values seem to 
occur less frequently. 

Besides the number of recorded rupture events, their size carries 
important information about the types of formed intercellular connec-
tions. As shown at panel A of Fig. 5, larger values than 40 pN practically 
do not occur. However, in case of 10 μg/mL exosome treatment even 
these rupture sizes present a slight shift towards lower values. 

Similar trend can be observed in case of where the detected ruptures 
occurred. Their distribution shows shift towards lower values as pre-
sented by panel B of Fig. 5. 

By comparing at what pulling force the rupture occurred, our results 
indicate that in case of exosome treated endothelial cells these values are 
lower (see panel C of Fig. 5). 

Due to the fact that in every experiment the de-adhesion strength of a 
single adenocarcinoma cell is tested to endothelial layers, which might 
show considerable differences, the overall comparison of parallel ex-
periments is possible only by calculating the relative ratios to each 
nontreated case. Such a comparison can be found in the Fig. 6, which 
summarizes data from all the preformed experiments. 

All pre-treated cases show lower values compared to non-treated 
ones. As the non-treated ones practically do not differ from each other 
any of them might be the one to compare at. By calculating all possible 
scenarios, we have found no differences between the control groups. 
Since they were measured in random order this underlines that they are 
practically indistinguishable. This excludes the chances that the probe 
cell exhibits different de-adhesion potential within the time of the 
experiment. 

Fig. 2. Panel A: Characterization of MDA-MB-231 cells-derived exosomes based on the absence of Grp94 and on the positive expression of Alix and Hsp70 proteins. 
Representative western blots are shown of two parallel experiments. Micro vesicles served as negative control (NC). Lys stands for MDA cell lysate. Panel B: Height 
image of MDA-derived exosomes, immobilized onto glass surface. Image recorded in PBS. Panel C: Size (characterized by particle diameter) distribution of exosomes 
as measured by Dynamic Light Scattering. Representative data shows three consecutive measurement of the same sample of number 3 on panel D. Panel D: Overall 
comparison of highest peak positions (size of most abundant particles) from DLS measurements of the used samples. 
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4. Discussion & summary 

Tumor organotropism is one of the most difficult puzzle to solve 
regarding cancer development. Driving mechanisms and exact details 
which govern these processes are largely unexplored so far. Lately, 
attention has been turned towards tumor-derived exosomes, as potential 
targets for organ dependent therapies [5]. It is suggested that the pres-
ence of exosomes in future metastatic sites might enhance successful 
colonization [10]. It is worth to mention, that brain seeking tumor cell 
released exosomes appear to be more efficient in comparison to those 
originated from parental tumor cells [25]. Due to the complexity of the 
phenomena and lack or limited possibilities for real time and direct 
models majority of the results is hardly applicable outside their narrow 
field. 

Breaching the blood-brain barrier is a necessary but not deterministic 
pre-requisite of brain colonization. As the brain lacks classical lymphatic 
circulation, hematogenous routes are of primordial importance. As a 
first step of this process blood-travelling tumor cells have to establish 
firm enough connections to brain endothelial cells, which is eventually 
followed by their transmigration to brain tissue. 

Mechanistic factors and forces are crucial in the progress of metas-
tasis, therefore deciphering their role might lead to unexpected results. 
Many independent factors can modulate the intercellular binding abil-
ities, from the thickness of the glycocalyx to surface resident cell 
adhesion molecules [26,27]. 

Our aim was to keep the experimental setup as simple as possible. In 
the present study, de-adhesion strength of human breast adenocarci-
noma cells from brain endothelial layer was tested upon pre-treating the 
endothelial cells with carcinoma cell-derived exosomes. 

Size distribution of exosomes was measured by DLS and AFM images 
(Fig. 2). Exosomes were characterized based on the presence of widely 
used exosome marker Hsp70, the ESCRT (endosomal sorting complexes 
required for transport)-associated protein Alix and the absence of 
endoplasmic reticulum chaperone molecule Grp94 (panel A of Fig. 2). 
Our presumption was, that the pre-treatment with exosomes might alter 
the de-adhesion pattern of tumor cells brought in contact with endo-
thelium. This scenario models first contact of blood-circulating tumor 
cells with the brain endothelium. 

In our model, highly metastatic breast adenocarcinoma cells were 
used. Single cell force spectroscopy was applied to measure the de- 

Fig. 3. Uptake of exosomes by endothelial cells after 24 h. Right panel shows orthogonal slices along the marked lines on the merged fluorescent images. Scale bar is 
20 μm. All images were recorded at uniform magnification. 
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adhesion pattern of tumor cells from brain endothelium [23]. 
Pre-treatment with exosomes for 24 h was applied [25,28], in order 

to model processes that might occur after the cargo or exosome bodies 
themselves are taken up by the endothelial cells. Fig. 3 presents the 
uptake and localization of exosomes within endothelial cells after 24 h of 
treatment. For de-adhesion measurements the exosomes were adminis-
tered in four different concentrations, at each experiment having pairs of 
2.5 with 10, and 5 with 20 μg/mL. Here we have to mention, that these 
concentrations refer to the protein content of the exosome solution. 

It has been shown, that MDA-MB-231 cells derived exosomes contain 
elevated level of EpCAM molecules [29]. This might point towards an 
elevated adhesiveness of the exosomes, however when they are incor-
porated into host cells, direct effect might be hindered by several factors. 

Our results indicate, that presence of exosomes lowers the adhe-
siveness of the endothelium when facing direct contact with breast 
adenocarcinoma cells. Size distribution of observed individual ruptures 
is close to those observed in case of cadherins [30,31] and membrane 
related connections, nanotube tethers [32]. The probability of occur-
rence shows a shift towards lower values (panel A of Fig. 5), as their 
occurring distance is closer to contact point (panel B of Fig. 5) in case of 
exosome treatment. Furthermore, they occur at lower force regimes 

Fig. 4. Representative comparison of de-adhesion force (panel A), adhesion 
work (panel B) and number of ruptures (panel C) as measured between tumor 
cell and endothelial cells pre-treated for 24 h with exosomes. The three groups 
were the non-treated (CTRL) cells, the endothelial layer pre-treated with 
2.5 μg/mL (Ex02) and 10 μg/mL (Ex10) of exosomes. Outliers are marked with 
red plus signs. Values out of +/- 2.7-fold the third quartile were regarded 
as outliers. 

Fig. 5. Rupture Size (Panel A), rupture length (panel B) and rupture force 
(panel C) distribution extracted from the curves recorded. Presented values 
mark the most frequent value (maximum of fitted bell curves). 
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(panel C of Fig. 5), which means the established linkages are breaking up 
easier and quicker. 

Cadherins may play important role in metastatic processes, their 
expression influences cellular adhesion in early stages [33]. The studied 
carcinoma cells lack while endothelial cell express N-cadherins [34]. 
Exosomes released by MDA-MB-231 cells might imbalance expression of 
cadherins in endothelial cells resulting in lower affinity to carcinoma 
cells in direct contact. 

The other important factor in cell adhesiveness is the outer layer of 
glycoproteins. Their charge and density might influence and in certain 
circumstances hinder cell adhesion molecule related linkages. The pre-
sented direct measurement of de-adhesion parameters proves that 
presence of exosomes has effect on intercellular linkage. Although it 
may be transient, important consequences may arise. As shown in Fig. 3 
there is enough time for endothelial cells to take up or fuse with the 
exosomes. The shift towards lower values of rupture size and rupture 
length (which is important parameter of invasiveness [23]) may indicate 
that formation and rupture of membrane nanotubes play important role 
in the established quick intercellular linkage. 

Taken together, in the present study successful experimental setup 
was established in order to model the first contact of blood-circulating 
tumor cell with the brain endothelium. This first contact appeared to 
be weaker in case when endothelial cells were pre-treated with tumor 
cell derived exosomes. These results underline that first contact of blood 
circulating tumor cells might not be decisive in the process of metastasis 
formation, although pre-metastatic niches might play important role in 
final colonization. 

Due to the complexity of the studied process, precise description 
points beyond the limit of the present study. These investigations might 
contribute to better understanding of what might be the crucial steps 
during brain metastasis progression. 
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Mark, B.D. Dill, H. Molina, H. Zhang, A. Benito-Martin, L. Bojmar, Y. Ararso, 
K. Offer, Q. LaPlant, W. Buehring, H. Wang, X. Jiang, T.M. Lu, Y. Liu, J.K. Sabari, S. 
J. Shin, N. Narula, P.S. Ginter, V.K. Rajasekhar, J.H. Healey, E. Meylan, B. Costa- 
Silva, S.E. Wang, S. Rafii, N.K. Altorki, C.M. Rudin, D.R. Jones, P.S. Steeg, 
H. Peinado, C.M. Ghajar, J. Bromberg, M. de Sousa, D. Pisapia, D. Lyden, Tumour 
exosomal CEMIP protein promotes cancer cell colonization in brain metastasis, 
Nat. Cell Biol. 21 (2019) 1403–1412, https://doi.org/10.1038/s41556-019-0404- 
4. 

[26] K.E. Malek-Zietek, M. Targosz-Korecka, M. Szymonski, The impact of 
hyperglycemia on adhesion between endothelial and cancer cells revealed by 
single-cell force spectroscopy, J. Mol. Recognit. JMR. 30 (2017) e2628, https:// 
doi.org/10.1002/jmr.2628. 

[27] S. Azadi, M. Tafazzoli-Shadpour, R. Omidvar, L. Moradi, M. Habibi-Anbouhi, 
Epidermal growth factor receptor targeting alters gene expression and restores the 
adhesion function of cancerous cells as measured by single cell force spectroscopy, 
Mol. Cell. Biochem. 423 (2016) 129–139, https://doi.org/10.1007/s11010-016- 
2831-x. 

[28] A. Hoshino, B. Costa-Silva, T.-L. Shen, G. Rodrigues, A. Hashimoto, M.T. Mark, 
H. Molina, S. Kohsaka, A.D. Giannatale, S. Ceder, S. Singh, C. Williams, N. Soplop, 
K. Uryu, L. Pharmer, T. King, L. Bojmar, A.E. Davies, Y. Ararso, T. Zhang, H. Zhang, 
J. Hernandez, J.M. Weiss, V.D. Dumont-Cole, K. Kramer, L.H. Wexler, 
A. Narendran, G.K. Schwartz, J.H. Healey, P. Sandstrom, K.J. Labori, E.H. Kure, P. 
M. Grandgenett, M.A. Hollingsworth, M. de Sousa, S. Kaur, M. Jain, K. Mallya, S. 
K. Batra, W.R. Jarnagin, M.S. Brady, O. Fodstad, V. Muller, K. Pantel, A.J. Minn, M. 
J. Bissell, B.A. Garcia, Y. Kang, V.K. Rajasekhar, C.M. Ghajar, I. Matei, H. Peinado, 
J. Bromberg, D. Lyden, Tumour exosome integrins determine organotropic 
metastasis, Nature 527 (2015) 329, https://doi.org/10.1038/nature15756. 

[29] S. Kruger, Z.Y.A. Elmageed, D.H. Hawke, P.M. Wörner, D.A. Jansen, A.B. Abdel- 
Mageed, E.U. Alt, R. Izadpanah, Molecular characterization of exosome-like 
vesicles from breast cancer cells, BMC Cancer 14 (2014) 44, https://doi.org/ 
10.1186/1471-2407-14-44. 

[30] P. Panorchan, M.S. Thompson, K.J. Davis, Y. Tseng, K. Konstantopoulos, D. Wirtz, 
Single-molecule analysis of cadherin-mediated cell-cell adhesion, J. Cell. Sci. 119 
(2006) 66–74, https://doi.org/10.1242/jcs.02719. 

[31] L.A. Chtcheglova, J. Waschke, L. Wildling, D. Drenckhahn, P. Hinterdorfer, Nano- 
scale dynamic recognition imaging on vascular endothelial cells, Biophys. J. 93 
(2007) L11–13, https://doi.org/10.1529/biophysj.107.109751. 

[32] M. Sun, J.S. Graham, B. Hegedus, F. Marga, Y. Zhang, G. Forgacs, M. Grandbois, 
Multiple membrane tethers probed by atomic force microscopy, Biophys. J. 89 
(2005) 4320–4329, https://doi.org/S0006-3495(05)73072-1 [pii]. 

[33] R. Omidvar, M. Tafazzoli-Shadpour, M.A. Shokrgozar, M. Rostami, Atomic force 
microscope-based single cell force spectroscopy of breast cancer cell lines: an 
approach for evaluating cellular invasion, J. Biomech. 47 (2014) 3373–3379, 
https://doi.org/10.1016/j.jbiomech.2014.08.002. 
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