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A B S T R A C T   

Most of the malignancies detected within the brain parenchyma are of metastatic origin. As the brain lacks 
classical lymphatic circulation, the primary way for metastasis relies on hematogenous routes. Dissemination of 
metastatic cells to the brain implies attachment to the luminal surface of brain endothelial cells, transmigration 
through the vessel wall, and adhesion to the brain surface of the vasculature. During this process, tumor cells 
must interact with brain endothelial cells and later on with pericytes. Physical interaction between tumor cells 
and brain vascular cells might be crucial in the successful extravasation of metastatic cells through blood vessels 
and later in their survival within the brain environment. Therefore, we applied single-cell force spectroscopy to 
investigate the nanoscale adhesive properties of living breast adenocarcinoma cells to brain endothelial cells and 
pericytes. We found target cell type-dependent adhesion characteristics, i.e. increased adhesion of the tumor cells 
to pericytes in comparison to endothelial cells, which underlines the existence of metastatic potential-related 
nanomechanical differences relying partly on membrane tether dynamics. Varying adhesion strength of the 
tumor cells to different cell types of brain vessels presumably reflects the transitory adhesion to endothelial cells 
before extravasation and the long-lasting strong interaction with pericytes during survival and proliferation in 
the brain. Our results highlight the importance of specific mechanical interactions between tumor cells and host 
cells during metastasis formation.   

1. Introduction 

Breast cancer (BC) is the most common malignancy in women and 
the second major cause of death (after lung cancer) [1,2]. Metastasis is a 
major cause of morbidity and mortality in breast cancer patients [1,3]. 
The five-year relative survival in local invasive breast cancer patients is 
98.1%, while it is only 26% in patients with distant metastases [1]. The 
biological underpinnings of tumor metastasis remain the least under
stood aspect of cancer biology, and elucidating the underlying mecha
nisms driving metastasis is essential [4]. Metastasis involves sequential 
invasion into the blood vessels or lymph nodes from the primary site and 
subsequent extravasation into secondary sites [5]. Tumor cell dissemi
nation through the blood is thought to be the main route of metastasis 
[6]. Although it might appear difficult, tumor cells can reach the blood 
circulation, survive shear stress, escape immune surveillance, avoid 

detachment-induced cell death, extravasate at distant sites and finally 
establish metastasis [6,7]. During this multistep process, tumor cells 
might reduce their adhesiveness to the primary tumor to be able to 
escape it, and they increase their adhesiveness again once they reach the 
target host cell surface so that they can adhere to it [8,9]. 

Brain metastases (10 to 30% of all breast cancer-related metastasis 
[3]) represent one of the incurable end stages of BC. BC cells that 
preferentially metastasize to the brain frequently belong to the 
triple-negative subgroup [3]. Developing effective or preventive treat
ments is hampered by a lack of knowledge of the molecular mechanisms 
driving brain metastasis. Current treatments are palliative with poor 
efficacy and include surgical resection, radiotherapy, chemotherapy and 
targeted therapies. Even if currently available therapeutic protocols may 
be successful at the beginning, these types of tumors are highly 
drug-resistant, and recurrence is a frequent phenomenon [10]. Most 
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therapeutic drugs that are effective in treating primary tumors fail to 
treat brain metastases because the blood–brain barrier (BBB) limits the 
ability of drugs to enter and evoke tumor cell death, rendering the brain 
a “sanctuary site”[11,12]. The BBB, the most important function of the 
dynamic and complex neurovascular unit, is constructed to build an 
effective shield against larger molecular substances and objects that may 
harm brain function and allow only necessary small substances present 
in the blood to pass through [1]. As a highly selective interface between 
the blood and the brain, it is indispensable to protect the brain paren
chyma from the influence of circulatory factors and regulate and 
maintain the stability of the internal environment [13]. Without the 
BBB, the central nervous system is vulnerable to toxins, pathogens, and 
ion dysregulation, leading to dysfunction and degeneration [14]. It plays 
a vital role in regulating the trafficking of solutes, fluid, and cells at the 
blood–brain interface [15]. Damage to the BBB is a major part of the 
pathophysiological process of many nervous system diseases [16,17,18]. 
The BBB is one of the most important properties of the neurovascular 
unit built up predominantly of three cell types, which are the building 
blocks of the microvascular system of the brain: endothelial cells, as
trocytes and pericytes [14,18,19]. The most important are endothelial 
cells, which are connected by tight junctions and form the mechanical 
part of the barrier. Endothelial cell tight junctions limit the paracellular 
flux of hydrophilic molecules across the BBB [19]. Pericytes are vascular 
mural cells that are close to brain endothelial cells, and their processes 
cover ~90% of the length of the capillary bed [20]. Pericytes themselves 
help to preserve BBB integrity and decrease the paracellular perme
ability of endothelial cells by enhancing the formation of tight junctions 
and maintaining low levels of transcytosis in the brain endothelium 
[14]. During brain metastasis formation, BC cells encounter both cere
bral endothelial cells and pericytes. Before extravasation, the first step 
for circulating tumor cells prior to forming brain metastasis is firm 
adhesion to the endothelial cells of the brain vasculature [21]. Trans
migration of BC cells through the brain endothelium is a key event in the 
pathogenesis of brain metastasis [12]. After reaching the brain paren
chyma, BC cells attach to the vessels and come in contact with pericytes 
which hold prometastatic properties [22]. The malignant phenotype and 
metastatic potential of cancer cells might be correlated with their elastic 
properties [8]. 

Atomic force microscopy (AFM) is a high-resolution force tool that 
can be used to investigate the morphology of a sample and quantita
tively measure its mechanical properties at atomic resolution [23]. The 
system uses a soft cantilever that can be chemically modified to trans
form itself into a cell probe. Thus, living cells might be used to probe the 
interaction with either surfaces or other living cells, providing sensitive 
force-, position-, and time-resolved adhesion measurements [24–26]. 

The present study compares the adhesive properties of breast 
adenocarcinoma cells to confluent layers of brain endothelial cells and 
pericytes. AFM based single-cell force spectroscopy was applied to 
investigate the details of the adhesive strength of parental and brain- 
seeking metastatic tumor cells upon contact with brain endothelial 
cells and pericytes. 

2. Materials and methods 

2.1. Cell culture 

Human brain endothelial (HCMEC/D3, – originating from the labo
ratory of Pierre-Olivier Couraud, INSERM U567, Institut Cochin, Paris, 
France [27]) cells were grown on rat tail collagen-coated (type I 
collagen) and cultured in EBM-2 medium (Lonza) supplemented with 
EGM-2 MV (Lonza) until confluence was reached. Endothelial cells be
tween passage numbers 30 and 36 were used for force spectroscopy 
measurements. Their characterization regarding expression of specific 
brain endothelial markers was performed by western blot and immu
nofluorescence staining (Supplementary Fig. S1). 

Human brain vascular pericytes (abbreviated as HBVP; obtained 

from ScienCell Research Laboratories, Carlsbad, CA, USA; Catalog No. 
1200) were cultured on poly-L-lysine-coated dishes in Pericyte Medium 
(PM; ScienCell Research Laboratories) supplemented with 5% FBS 
(Sigma-Aldrich, St. Louis, MO, USA) and penicillin/streptomycin solu
tion (P/S; ScienCell Research Laboratories) and used between passage 
numbers 2 and 6. The HBVP cells used in these experiments were from 
two different lots (lot. no: 19275 and lot. no:27288). Characterization of 
specific pericyte markers was performed by western blots analysis 
(Supplementary Fig. S1). 

The human triple negative breast cancer cells – the parental cell line 
MDA-MB-231-TGL (MDA-231-HSV1-TK/GFP/Fluc, abbreviated as TGL) 
and the brain-seeking MDA-MB-231-BrM2 (abbreviated as BrM2) cells – 
were obtained from Dr. Joan Massagué at Memorial Sloan Kettering 
Cancer Center (New York, NY, USA). The TGL and BrM2 cells used for 
the measurement were cultured in DMEM (Gibco, Thermo Fisher Sci
entific) containing 10% FBS (Gibco, Thermo Fisher Scientific). The cells 
were authenticated by analysis of highly variable short tandem repeat 
(STR) markers using Applied Biosystems™ GeneMapper™ Software 6 
(Thermo Fisher Scientific). 

All cell types were regularly tested for mycoplasma infection with a 
MycoAlert Mycoplasma Detection Kit (Lonza, Basel, Switzerland) and 
were maintained at 37 ◦C in a humid incubator with 5% CO2 in air. 

2.2. Adhesion assays 

Adhesion assays were carried out as previously described [28]. 
HCMEC/D3 or HBVPs were seeded into 24-well plates and cultured until 
confluent. TGL or BrM2 cells were labeled with 1 µM Oregon Green 
(Thermo Fisher Scientific) for 15 min in serum-free DMEM at 37 ◦C. 
Labeled cells were washed, and complete media was given to cells for 30 
min before harvesting. Breast cancer cells were seeded at 5 * 104/well. 
Tumor cells were left to adhere for 60 min to endothelial cells or peri
cytes, after which cells were washed with PBS and fixed with 4% (w/v) 
paraformaldehyde for 10 min at room temperature followed by three 
washing steps with PBS. Adherent cells were imaged by a Nikon epi
fluorescence microscope with a 10x objective, 5 images/well, and 
counted using the ImageJ/Cell Counter plugin. 

Cell culture for force measurements. 
The TGL and BrM2 cells used for the force measurements were 

cultured in DMEM (Gibco) containing 10% FBS (Gibco). Before single- 
cell force spectroscopy experiments, tumor cells were fluorescently 
labeled with 1 μM calcein-AM (Sigma) dye in serum-free DMEM for 20 
min, after which they received serum-containing media for 20 min. 

Human brain endothelial (HCMEC/D3) cells were grown on rat tail 
collagen-coated (type I collagen) cell culture dish lids separated by the 
silicone walls of a four-segment Ibidi chamber (Fig. S2). Cells were 
cultured in EBM-2 medium (Lonza) supplemented with EGM-2 MV 
(Lonza) until confluence was reached. Human brain microvascular 
pericytes (HBVPs) were grown on poly-L-lysine-coated dish lids sepa
rated by the silicone walls of a four-well Ibidi chamber. In the Ibidi 
chamber, there was an empty well where the tumor cells (TGL or BrM2) 
were attached to the functionalized cantilever in all cases (Fig. 1). This 
was followed by the chamber part containing HCMEC or HBVP cell 

Fig. 1. Schematic representation of the experimental setup. After removal of 
the silicone walls separating the wells, the four different surfaces were 
consecutively probed with a tumor cell, moving the cantilever sequentially 
clockwise or counterclockwise. 
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layers. 
The measurements were made after removal of the Ibidi chamber in 

different (clockwise or counterclockwise) directions. Only those were 
included in the final analysis where the results were not dependent on 
the sequence of effectuation (A representative example and details on 
the measurement can be seen on the Supplementary material and 
Fig. S3, S4). All experiments were conducted in serum-free Leibovitz 
medium at 37 ◦C within 2 h after the cells were removed from the 
incubator. According to our experience, they preserve their viability far 
beyond this period. 

2.3. Atomic force microscopy 

All force spectroscopy experiments were performed with an Asylum 
Research MFP-3D atomic force microscope (Asylum Research, Santa 
Barbara, CA; IgorPro 6.32 A control software, Wavemetrics) mounted on 
top of a Zeiss Axiovert 200 optical microscope for optical positioning. 
The bracket on which the tumor cell is immobilized is located on a sil
icon nitride probe with three tipless cantilevers, the middle one used for 
measurements. This cantilever has a normal spring constant of 30 pN/ 
nm and a resonant frequency of 10 kHz. All probes were calibrated 
before the experiment using the thermal noise method [29] and the 
Sader method [30]. The data from the measurements were evaluated 
and visualized in MATLAB (MathWorks). 

2.4. Single-cell force spectroscopy 

Cancer cells were immobilized at the very end of the tipless canti
lever using a concanavalin-A-mediated linkage, which is described in 
detail elsewhere [31,32]. Briefly, first, a tumor cell suspension was 
pipetted onto the Petri dish, and then a tumor cell that has not yet 
adhered to the surface of the culture dish was selected. The size and 
morphology were checked using an optical microscope. The cantilever 
was pressed onto the selected tumor cell until the force required for 
immobilization was reached, and the adhesion force between the cell 
and the cantilever was stronger than that between the probe cell and the 
culture dish. The position of the immobilized tumor cell on the canti
lever was monitored using an optical microscope before, during, and 
after the measurement (Fig. S3). During a force measurement cycle, a 
cancer cell immobilized at the end of a tipless cantilever was brought 
into contact with surface-adherent endothelial cells or pericytes. The 
schematic representation and the annotations for the extracted 

parameters can be found in Fig. 2. 
In a typical AFM force–distance measurement, the tip is brought 

toward and retracted from the cell surface; its interaction forces are 
monitored as a function of the cantilever’s displacement, and they are 
recorded as force–displacement curves. As a result, a plentitude of 
quantitative information can be extracted from these curves regarding 
cell elasticity and adhesiveness [8]. The principle of operation is to 
monitor the forces acting between the tip and the sample surface. The 
tip–sample interaction forces cause the cantilever to deflect, which is 
recorded via a laser beam focused on the cantilever’s free end and re
flected onto a position-sensitive photodiode [25]. Upon approach, the 
tip and the sample surface are first far enough apart not to interact, 
resulting in null force. Decreasing the tip–sample distance results in 
diverse long-range and short-range repulsive or attractive interactions 
(for example, electrostatic or van der Waals forces) until the tip makes 
contact with the surface. As the tip is further pushed against the sample, 
it induces an upward deflection of the cantilever. When a predefined 
force is reached, the motion of the tip is halted and reversed. As the tip is 
moved upward, the cantilever relaxes and then often deflects downward 
owing to adhesive forces between the tip and sample. Finally, the 
tip–surface contact ruptures, and the cantilever returns to its zero-force 
position [25]. 

At each force measurement cycle, the cell-loaded cantilever 
approached the endothelial or pericyte layer until the preset deflection 
was reached (maximal load of 2 nN), after which it was pulled back to 
the initial position. One set of measurements was completed within two 
hours. Our measurements were designed in such a way that the adhesion 
of the same probe cell to the substrate layers (endothelial cells and 
pericytes) was tested to increase the accuracy of the system. Further 
details about the experimental setups can be found in the Supplementary 
Material. 

The stress relaxation percentage was calculated as the force sensed 
by the cantilever at the end of the dwell time reported to the maximal 
load (as an intuitive approach, 100% would be maximal relaxation- 
totally plastic material; 0% would be lack of relaxation-perfectly 
elastic material). The elastic index is calculated as a percentage of the 
ratio of the loading work and the amount of work the cell can still exert 
during cantilever retraction (0% in the case of a perfectly plastic ma
terial and 100% in the case of a perfectly elastic material). Values of 
maximal adhesion force were considered as the difference between the 
force at the maximal downward deflections of the cantilever compared 
to the initial value during the noncontact state [26]. Rupture size was 

Fig. 2. Schematic representation of the force measurement cycle. Immobilized tumor cells at the very end of the tipless cantilever pushed to the tested cell layers. 
Recorded force versus time (panel A) and force versus distance (panel B) curves using AFM-based force spectroscopy. Panel C represents the magnified area with the 
detected rupture events marked with green arrows. 
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calculated as a level difference of the mean of 5 points before and after 
the place of occurrence [26] (see panel C on Fig. 2). Rupture length 
represents the distance from the place of the initial contact point be
tween the two cells and the position of the last point before an identified 
disruption event. The distribution of rupture size and length are repre
sented by histograms showing the probability of finding a given value 
within the whole data population calculated for each cell type [26]. 
Rupture Force is calculated as the actual amount of exerted force at the 
occurrence of a rupture event. All the mentioned parameters were 
extracted and calculated with the help of a custom written MATLAB 
(MathWorks)-based algorithm. If not stated otherwise, the results pre
sented by box plots include the median (red line) value of the popula
tion, the upper and lower edges of the box are the first upper and lower 
quartiles, and the whiskers show 75% and 25% of the values. Outliers 
are represented by red plus signs (þ) on box plots, where the exclusion 
criterion was that the value was situated outside 1.5-fold the quartiles. 
For statistical significance, the Kruskal–Wallis test was used with 
p = 0.05 as a significance level. Significant differences are marked by 
black stars on connecting black lines for each presented box plot. 

3. Results 

As an initial experiment, we counted the number of parental (TGL) 
and brain metastatic breast cancer cells (BrM2) attached to brain 
endothelial cells or pericytes after 60 min of incubation. These numbers 
refer to the total number of cells per field of view (area) in all cases. As  
Fig. 3 depicts, the number of adherent tumor cells to the pericytes 
(HBVP) layer outnumbers those in the case of endothelial cells. 

Qualitatively, for BrM2 cells larger values appear with higher fre
quencies, as the box is higher or the whiskers are in a higher position. 
Although the differences between the medians were found not signifi
cant, the distribution of the observed values might have some hints. To 
monitor the viscoelastic properties of the probe cell during the experi
ments (approximately two hours), ten-ten force curves were recorded 
for each immobilized cell before and after completing the measure
ments. In this case, the probe cell was pressed against the cell-free sur
face of the Petri dish. These curves provided feedback on the probe cell’s 
viscoelastic property temporal evolution. In cases where the probe cell 

showed remarkably altered viscoelastic properties over time, the mea
surement was excluded from further analysis. Adhesive properties might 
be linked to elastic parameters; therefore, it would be desirable to 
compare the elasticity of the studied cells. Due to the measurement 
setup, immobilized cell as a probe on the end of a cantilever, there is no 
proper model available to calculate the elastic parameters of the cell. 
The problem becomes even more complicated when a cell is pushed to 
another cell. 

Despite the lack of proper models, elasticity-related parameters can 
be compared in the case of probe cells. Here, we present two such pa
rameters, namely, the amount of relaxation upon the applied load and 
the so-called elastic index. The first one is presented in panel A of Fig. 4. 
This value is the percentage of the relaxation force (see panel A of Fig. 2) 
to the initial load. Before the probe cells were brought into contact with 
the target cells, ten force curves were recorded on empty areas of the 
dish; therefore, these curves can provide information about their initial 
elastic state. These values for the relaxation percentage can be seen in 
panel A of Fig. 4. As a first comparison, the TGL and BrM2 cells behaved 
in a very similar manner, and the relaxation values for BrM2 cells were 
shifted toward slightly larger values. This feature can be seen in the 
elastic index as well. In both panels of Fig. 4, higher values can be 
observed as the probe cell was pushed to another cell compared to when 
they were pushed to a hard dish surface. This suggests that the pericytes 
exhibit a more elastic contribution, slightly overcoming the endothelial 
cells. 

We used six parameters to characterize intercellular adhesion: 
maximal pull-off force, adhesion work, and number, as well as place and 
instantaneous force of individual rupture events. 

Fig. 5 shows the comparison of the maximal pull-off force and 
adhesion work of the two studied tumor cell types when pushed toward 
a confluent endothelial or pericyte layer successively. For both types of 
tumor cells, the maximal pull-off force and adhesion work are larger in 
the case of the pericytes than in the case of the endothelial layer. 

An important parameter for characterizing cell–cell adhesion is the 
number of individual rupture events that occur during separation. Panel 
A of Fig. 6 shows a comparison of the rupture numbers in the case of 
endothelial cells and HBVPs when measured with both tumor cells. It 
can be seen that the median of the occurred rupture numbers was larger 
when pressed to HBVP cells. 

With regard to the ruptures, the first question to be answered was 
whether the observed types of ruptures were due to differences in the 
active molecule bonds that link together during cell–cell contact. Un
fortunately, the exact molecular origins could not be identified, but the 
size distribution of the events that occurred may indicate the types of 
molecular interactions. 

As panel B of Fig. 6 depicts, the size distributions of the individual 
ruptures are almost identical for all probe cells and monitored cell 
layers, which suggests that very similar molecular interactions are 
building up the final adhesion pattern. 

We can obtain a more detailed picture of the adhesion patterns be
tween the cells if we also examine the probability distribution of where 
the ruptures occurred for the two tumor cell types. These distributions 
are shown in panel C of Fig. 6 (rupture length). From this, it can be 
concluded that the most frequent length of the rupture is in the range 
between 0.5 µm and 1.5 µm. Apart from slight shifts in the most frequent 
values, there were no obvious differences in the characteristics of the 
rupture length distribution when the probabilities are plotted. 

In the case of TGL and BrM2 when in contact with HBVP, the 
maximum of the curve corresponding to the results shifts toward higher 
values. The curves obtained during contact with endothelial cells shifted 
toward smaller values in the case of both tumor cells. This finding also 
confirms that pericytes exhibit stronger adhesion. An important feature 
of the adhesion properties is the instantaneous rupture force probability, 
whose distribution can be seen in panel D of Fig. 6. This parameter can 
be regarded as the force needed for a rupture event to occur or the basic 
force that a bond can withstand for a longer period. If we compare the 

Fig. 3. Number of adherent tumor cells counted after 60 min of coculture and 
washout of nonattached cells. Black lines connect groups found significantly 
different at the p = 0.05 level marked with black star (*). 
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rupture forces between endothelial cells and the pericytes, for both sets 
of tumor probe-cells, the calculated probability histograms are shifted 
toward larger values. Pericytes excelled endothelial cells, as their rup
tures occurred at larger pulling force regimes with higher probability 
(TGL-HBVP excelled TGL-Endot, and BrM2-HBVP excelled BrM2- 
Endot). In contrast, if we compared the values obtained for TGL and 
BrM2 cells, the values were shifted to lower regimes. TGL-Endot inferred 

BrM2-Endot, and TGL-HBVP inferred BrM2-HBVP. This might indicate 
that for BrM2 cells, ruptures at lower pulling forces occur slightly more 
frequently. 

4. Summary and discussion 

Atomic force microscopy-based single-cell force spectroscopy 

Fig. 4. Comparison of relaxation percentage (panel A) and elastic index (panel B) of the two studied breast cancer cell types (TGL and BrM2) when pushed to empty 
culture dish or to a confluent endothelial or pericytes (HBVP) layer successively. Black lines connect groups found significantly different at the p = 0.05 level marked 
with black star (*), red plus signs (+) represent outliers from distribution. 

Fig. 5. Comparison of maximal pull-off force (panel A) and adhesion work (panel B) of the two studied breast cancer cell types (TGL and BrM2) when pushed to a 
confluent endothelial or pericyte (HBVP) layer successively. Black lines connect groups found significantly different at the p = 0.05 level marked with black star (*), 
red plus signs (+) represent outliers from distribution. 
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provides increasingly detailed information about intercellular mechan
ical properties, where high force accuracy is specifically important. As 
brain tumors are predominantly of metastatic origin, the neurovascular 
unit plays a crucial role in the multistep process of colonization. Tumor 
cell infiltration is a prerequisite for metastasis formation, and mechan
ical interaction with cellular components of the neurovascular unit 
might also be crucial for survival. In this respect, both brain endothelial 
cells and pericytes are involved in the progression of metastasis forma
tion by influencing the extravasation and survival of tumor cells [33]. 
Therefore, within this study, the adhesive properties of two 
triple-negative breast adenocarcinoma cell lines were directly measured 
and compared upon their contact with two basic constituents of the 
neurovascular unit, brain endothelial cells and pericytes. These triple 
negative breast cancer cells (TGL and BrM2) were characterized by Bos 
et. al [34]. While TGL is a parental cell line, BrM2 represents a 
brain-seeking variant, as it was back-isolated twice from imunodeffi
cient mouse brain tissue, they were compared for the altered gene ex
pressions, and a fold change of 26 genes was shown [34]. 

In our experiments we used an in vitro BBB model, respectively the 
HCMEC/D3 cell line, which maintains morphological and functional 
properties of brain microvascular endothelium [27] (Supplementary 
Fig. S1). Both the endothelial cells and the human brain vascular peri
cytes maintained their properties in culture. Single-cell force spectros
copy measurements were carried out in serum free Leibovitz media, 
which did not influence the phenotypes of these cells (Supplementary 
Fig. S2 panel A). 

Correlation of the nanomechanical properties with metastatic po
tential was shown in a melanoma model [26]; however, at this time, the 
correlation is rather vague. In addition, comparison with literature data 
is very difficult for two reasons: on the one hand, there are no 

standardized measuring parameters; therefore, each study might use 
different sets (load, contact time, etc.) that do not overlap; on the other 
hand, the variety of cell line-related differences makes a proper com
parison impossible. To the best of our knowledge, this is the first study 
on the direct measurement of living human tumor cell adhesion to living 
human pericytes. Our results show that for both tumor cell types, contact 
with pericytes resulted in a higher number of adherent cells after 60 min 
of incubation than contact with endothelial cells. Furthermore, BrM2 
cells slightly but consistently outnumbered TGL cells for both endothe
lial cells and pericytes. Direct measurement of intercellular adhesion 
forces and dynamics between the investigated cell types showed further 
details about the adhesive patterns. 

In a previous study [35], decreased adhesion forces of tumor cells 
with increasing metastatic potential were suggested; however, here, we 
need to point out that in this case, homointercellular adhesion was 
measured. MDA-MB-231 cells in contact with human bone marrow and 
pulmonary endothelial cells present slightly altered adhesion charac
teristics, which also depend on endothelial confluence [36]. Xie et al. 
reported direct measurements on highly metastatic breast tumor cells 
(MDA-MB-231, MDA-MB-435) in contact with bone marrow endothelial 
cells [37]. The time dependence of the deadhesion properties was 
monitored, concluding that adhesion occurs quicker and stronger for 
MDA-MB-435 cells. Here, we need to note that it is very difficult to 
compare our results with the aforementioned study; however, the total 
adhesion force between MDA-MB-435 and bone marrow endothelial 
cells outrages the adhesion force values of MDA-MB-231 cells in their 
setup. Nonetheless, there is a debate in the literature on the possible 
melanoma origin of the MDA-MB-435 cell line, which therefore might 
not be a good breast cancer model [38]. Although previous results 
suggested that BrM2 cells might show decreased attachment to Human 

Fig. 6. Comparison of the number of rupture events per force curve (panel A), probability distributions of observed rupture sizes of ruptures per force curve (panel 
B), distance of occurrence from surface point (panel C) and the distribution of the pulling force values at which the identified rupture events occurred (panel D) for 
the two studied breast cancer cell types (MDA-TGL and MDA-BrM2) when pushed to a confluent endothelial or pericyte (HBVP) layer successively. Black lines 
connect groups found significantly different at the p = 0.05 level marked with black star (*), red plus signs (þ) represent outliers from distribution. 
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Brain-Like Endothelial Cells (BLECs) than the original MDA-MB-231 
cells [39], our data (using two different methods) indicate that there 
is no significant difference between the adhesion properties of BrM2 and 
TGL cells (the proper controls of BrM2) to brain endothelial cells. 

Not only the cell origin but also the surrounding environment 
considerably influences the fate of cells. MDA-MB-231 cells invading 
collagen I matrices were found to become stiffer with time [40]. Starting 
from this observation, we can hypothesize that those cells that are in 
close proximity to pericytes might behave differently compared to those 
in contact with endothelial cells. Upon pressing the same tumor cell to 
endothelial cells or pericytes, higher values were observed for both 
studied tumor cell types (Fig. 4) for the relaxation percentage and elastic 
index. Notably, to some extent, the environment might determine the 
adhesive parameters of tumor cells [41]. Our results suggest that peri
cytes constitute a more elastic environment for tumor cells. 

It can be concluded that both parental and brain-seeking breast 
tumor cells show stronger affinity for pericytes than endothelial cells. 
On the other hand, brain-seeking tumor cells do not exhibit stronger 
adhesive properties than parental cells. Although the brain-seeking ones 
were found to have slightly larger elastic indexes, calculated values 
having a broader distribution, the adhesive characteristics seem not to 
be strongly related to brain affinity. This would point toward the fact 
that a set of other components might be crucial for their survival and 
prosperity within the hostile brain tissue. One of these components 
might be the time they are in contact with each other or even the 
encountered shear stress [41]. The force strength distribution where the 
observed ruptures occurred indicates that for brain-seeking ones, the 
lower force regimes are more frequent. In contrast, the contact forces of 
pericytes are shifted toward larger regimes, which suggests that their 
contacts are more stable over time. In vivo, adhesion of metastatic cells 
to the endothelium enables their arrest in the vessel lumen; however, as 
a next step, they have to migrate through the vessel wall. Therefore, the 
adhesion strength between tumor and endothelial cells might appear 
relatively low. On the other hand, strong adhesion to pericytes might be 
responsible for the attachment of tumor cells to the external surface of 
microvessels, which is essential for their survival in the brain. 
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