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The epithelium covers, protects, and actively regulates various formations and cavities of the human body.
During embryonic development the assembly of the epithelium is crucial to the organoid formation, and the
invasion of the epithelium is an essential step in cancer metastasis. Live cell mechanical properties and associated
forces presumably play an important role in these biological processes. However, the direct measurement of
cellular forces in a precise and high-throughput manner is still challenging. We studied the cellular adhesion
maturation of epithelial Vero monolayers by measuring single-cell force-spectra with high-throughput fluidic
force microscopy (robotic FluidFM). Vero cells were grown on gelatin-covered plates in different seeding con-
centrations, and cell detachment forces were recorded from the single-cell state, through clustered island for-
mation, to their complete assembly into a sparse and then into a tight monolayer. A methodology was proposed
to separate cell-substratum and cell-cell adhesion force and energy (work of adhesion) contributions based on the
recorded force-distance curves. For comparison, cancerous HeLa cells were also measured in the same settings.
During Vero monolayer formation, a significantly strengthening adhesive tendency was found, showing the
development of cell-cell contacts. Interestingly, this type of step-by-step maturation was absent in HeLa cells. The
attachment of cancerous HeLa cells to the assembled epithelial monolayers was also measured, proposing a new
high-throughput method to investigate the biomechanics of cancer cell invasion. We found that HeLa cells adhere
significantly stronger to the tight Vero monolayer than cells of the same origin. Moreover, the mechanical
characteristics of Vero monolayers upon cancerous HeLa cell influence were recorded and analyzed. All these
results provide insight into the qualitative assessment of cell-substratum and cell-cell mechanical contacts in
mono- and multilayered assemblies and demonstrate the robustness and speed of the robotic FluidFM technology
to reveal biomechanical properties of live cell assemblies with statistical significances.

1. Introduction

Cellular monolayers have complex biology. They adhere to the
extracellular matrix (ECM) via cell-matrix connections and form strong
cell-cell contacts with neighboring cells, known as cell junctions (Knust,
2002). In mammals, the best example for such cellular organization is
the endothelium, a special type of the epithelium, where a single cell
layer barriers the blood or lymphatic circulation and the underlying
tissue (Ricard et al., 2021; Claesson-welsh et al., 2021). In general, the
epithelium covers vessels and cavities to distinguish tissues and organs
from the surroundings (Torras et al., 2018; Vasquez et al., 2021). Acting
as a barrier, the epithelium protects the body from extracellular damage
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while controlling its permeability regarding the transfer of substances,
ions, and pathogens (Claesson-welsh et al., 2021; Torras et al., 2018;
Bhat et al., 2019), and even controlling the expression of hormones
(Haber et al., 2017). The polarity of epithelial cells also plays impor-
tance in their integration and assembly to a fully functional state during
development and organoid formation, and the loss of polarity results in
the epithelial-mesenchymal transformation (EMT) preceding cancer cell
invasion of underlying tissues, the intravasation of the circulation and so
metastasis formation (Knust, 2002; Friedl and Wolf, 2003; Friedl et al.,
2012; Mierke, 2011; Clark and Vignjevic, 2015).

Epithelial cell-cell connections include various interacting protein
complexes, such as desmosomes; gap junctions (GJs); adherens junctions
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(AJs) presenting E-cadherin, a- and f-catenin; tight junctions (TJs)
including zona occludens proteins (Z0-1,2,3), claudin, occluding, etc.
AJs and TJs are linked to the actin filament network of the cell, which
influences the cells’ migratory and regulatory behavior. At the multi-
cellular level, cells render forces attributable to interactions with the
ECM (traction force) and neighboring cells (intercellular force). Cell-cell
junctions are stable mechanical connections between adjacent cells.
Intercellular force transmission in epithelia is regulated via AJs, TJs,
desmosomes, and the actomyosin network (Vasquez et al., 2017).
Depending on the cell position, junctional force distributions fluctuate
temporally and spatially in response to local variations in cell-matrix
adhesions and cellular contractility (Ng et al., 2014; Mao and Baum,
2015). Also, TJs are heavily involved in inherited diseases, fighting off
bacterial or viral infections, signaling, cell polarization, and expressing
protein complexes mediating cell-cell adhesion (Knust, 2002; Bhat et al.,
2019; Zihni et al., 2016). During development, the maturation of junc-
tional assembly ensures functional consummation of cell-cell adhesion,
initiated by the primordial junctions between two neighboring cells
mediated by E-cadherin and nectin, which recruit the components of
tight junctions (Zihni et al., 2016). Importantly, disruption of the TJs
results in loss of function, where opportunist pathogens can enter the
underlying tissue, or the regulation of active transport requiring pro-
cesses is disturbed. During EMT, loss of E-cadherin leads to the desta-
bilization of AJs, attended by increased cellular motility, invasiveness,
and resistance to apoptosis (Onder et al., 2008). Whether the malfunc-
tion of the epithelial junctions and cell-cell adhesions is a cause or a
result of cellular stress, such as cancer cell invasion, is still a question
(Mierke and, 2008). During cancerous invasion, cancer cells express
proteases, which disrupt the extracellular matrix and its contact to focal
adhesions, and exhibit an increase in cell traction force and loss of
intercellular forces. Focal adhesions play an essential role in cell-matrix
adhesion, with special integrin-ligand connections anchoring the cells to
the substrate, and their healthy function is critical in migratory, devel-
opmental, and cancer-related processes (Heintzman et al., 2009; Lock
et al., 2018; Gerecsei et al., 2021; Peter et al., 2015; Kanyo et al., 2020).

Therefore, emphasizing the importance of epithelial connection
maturation and the effect of cancer cell invasion on epithelial mono-
layers, we have studied the biomechanical properties of these connec-
tions with the robotized high-throughput nanofluidic force microscopy
(robotic FluidFM) (Meister et al., 2009). The robotized FluidFM is a
novel tool that facilitates high-throughput single-cell force-spectroscopy
(SCFS), a widely acknowledged method to investigate cellular, bacterial
or colloidal adhesion firmly attached to various surfaces (Nagy et al.,
2020, 2019; Sztilkovics et al., 2020; Gerecsei et al., 2019; Benoit et al.,
2000; Friedrichs et al.,, 2013; Sancho et al., 2017; Li et al., 2022;
Guillaume-Gentil et al., 2014; Potthoff et al., 2015). The FluidFM
technology enriches the method of fundamental atomic
force-microscope (AFM) based SCFS recordings and enables reliable and
fast recording of complete cell detachment processes due to the novel
robotized platform. Of note, today, traditional AFM provides a higher
signal-to-noise ratio and is ideal to measure molecular scale interaction
events (Benoit et al., 2000; Friedrichs et al., 2013; Milles et al., 2018;
Helenius et al., 2008). FluidFM is suitable to manipulate whole cells
without the need of gluing the cells onto the AFM cantilever. In prin-
ciple, the FluidFM applies hollow silicon-nitride cantilevers, which can
be filled up with a liquid of our choice by a fluid reservoir connected to a
pressure control system (Meister et al., 2009). This allows the disposi-
tion or suction of fluids in the femtoliter scale, providing exciting novel
methodologies in the field of mechanobiology (Nagy et al., 2020, 2022a;
Sztilkovics et al., 2020; Sancho et al., 2017), injection, extraction, or
transplantation procedures on living cells (Guillaume-Gentil et al., 2017,
2016; Gabelein et al., 2021), colloidal spectroscopy (Gerecsei et al.,
2019; Sancho et al., 2017; Helfricht et al., 2017), 2D-3D microprinting
(Saftics et al., 2019; Hirt et al., 2015, 2017; Pattison et al., 2022), and
some newly introduced biophysical techniques (Li et al., 2022; Koehler
et al., 2021; Aramesh et al., 2019; Chen et al., 2022). To access the
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strength and the force transmission of cells, focal ligand-receptor ad-
hesions must be separated, for which the SCFS techniques are well
suited. The FluidFM is able to perform such experiments by approaching
a targeted cell with its buffer-filled cantilevers, and upon reaching the
cell, suction is applied to attach the cell to the aperture at the end of the
cantilever. After establishing contact, by retracting the cantilever, the
targeted cell is detached from the substrate, and a characteristic
force-distance (FD) curve can be measured, where the force is calculated
based on Hooke’s law commonly used in AFM applications, and the
distance is the position of the cantilever measured from the starting
point (see Fig. 1). From the characteristic FD-curve, biomechanical pa-
rameters can be obtained and analyzed, such as the maximal force of cell
detachment (Fpnay), the traveled distance of the cantilever, with respect
to the surface at Fpax (Dmax), and the integrated FD-curve area, known as
adhesion energy (usually called as work of adhesion in AFM studies)
(Emax)- These parameters and their cell area normalized derivatives
represent a cell’s adhesive properties, and when measured for a large
number of cells, can be used to assess population distributions and cell to
cell differences.

In this work, we present a study on cell-substratum adhesion matu-
ration of the epithelial Vero cell line, and as a contrast, cancerous HeLa
cells were also tested under the same conditions, recorded with robot-
ized FluidFM (see Fig. 1). As substratum, a thin gelatin layer was used in
all cases, which promotes integrin avp3 and a5p1 connections to RGD-
domains in the gelatin, and so provides an ideal basement membrane
for focal adhesion (Davidenko et al., 2016; Kozyrina et al., 2020). In this
manner, the differences between cell lines can be well described and
quantified, and also the importance of healthy cell-cell contacts can be
highlighted. A new methodology is introduced to quantify the cell-cell
contact strength, based on experimental data recorded with FluidFM
and phase holographic imaging (Peter et al., 2015; Nagy et al., 2022b),
especially derived for epithelial cells like Vero, which form a confluent
cuboidal monolayer. Vero cells are widely used in numerous labora-
tories for vaccine development and toxin screening, but because of
contact inhibition, they maintain normal cell function and morphology,
unlike cancer cells (Kiesslich and Kamen, 2020; Ammerman et al.,
2008). HeLa is also one of the most commonly used cell lines, presenting
an ideal model for studying immortal cancer cells. Therefore, both cell
lines are well-known candidates for investigating cell-cell and
cell-substrate contact development. To address the question of cell in-
vasion, HeLa cells were seeded on top of the tight Vero monolayer to
study their adhesion strength and effect on the monolayer itself. Similar
approaches have already been performed in important AFM studies
(Puech et al., 2006; Jaczewska et al., 2014) that measured initial contact
formation. To address contact maturation here we present
high-throughput SCFS data representing the attachment forces and
detachment work (adhesion energy) of strongly adhered cells from the
single-cell state to confluent layers. Such quantification of cell-cell ad-
hesions is crucial in many aspects, such as cancer, fertility, and immu-
nology research and development.

2. Results and discussion

The total number of cells investigated in our study is 214, of which
86 are HeLa and 128 are Vero cell, where all of the evaluated cells were
fully detached from the substrate through rupture events. The categories
and used abbreviations with the respective cell numbers are: single-cell
with no neighboring cells picked up from the gelatin coating (SC; 19
HeLa, 18 Vero), cells picked up from island like cell assemblies (ISL; 19
HeLa, 19 Vero), single HeLa cells picked up from a confluent HeLa layer
(HeLa CFL; 20 HeLa), Vero cells picked up from a sparse monolayer (ML)
of Vero cells (sparse Vero ML; 20 Vero), Vero cells picked up from a tight
Vero ML (26 Vero), HeLa or Vero cells picked up from the top of the tight
Vero monolayer (HeLa TOP, Vero TOP; 25 Hela, 16 Vero), and Vero
cells picked up from a tight Vero ML when HeLa cells were present (with
potential influence) on the top of the Vero layer (Vero ML-HeLa, 23
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Fig. 1. Schematic representation of the robotic FluidFM measurement setup and procedure. Living cell cultures on the FluidFM (a) can be observed with an optical
microscope (see insert b where the cantilever is clearly visible). Under the measurement head, the large area sample stage allows multiple cell targeting in mm-cm
scale areas. ¢) During SCFS recording, the cell from a tight cellular monolayer (i), single cells (ii), cells from island-like assemblies (iii), cells from a sparse monolayer
(iv), or cells seeded on top of the tight monolayer (v, black arrowheads) are approached with the hollow FluidFM cantilever, which pauses upon contact with the
targeted cell. Subsequently, suction (vacuum) is applied to attach the cell to the aperture, and the cantilever is retracted from the substrate. The retraction results in
the total detachment of cells firmly attached, and the SCFS measurement process results in the characteristic FD curves that yield the primary parameters Fiax, Emax,

and D, shown in d.

Vero). Cells in different configurations were classified in prior to
recording based on 1) their overall distributions and morphology (SC,
ISL, ML/CFL, TOP), 2) the size of the cell and its neighbors (tight ML
cells are smaller compared to sparse ML cells), 3) the number of
neighbors and the number of cells in the group (tight ML 7-8, sparse ML
3-8, ISL 1-6 neighboring cells). The recorded cells were evaluated based
on our protocol, FD-curves, and the corresponding SCFS parameters
were analyzed with our custom evaluation software (Nagy et al., 2022c).
In Fig. 2. the averaged FD-curves of the subcategories show interesting
features of cellular adhesion on the various assembly levels. In the Vero

cell population, the FD-curves show a strong evolution from the
single-cell state to the tight monolayer state (Fig. 2a). In contrast, this
type of evolution is absent in HeLa cells, where the FD-curves present
similar tendencies (Fig. 2b). It is important to mention that even by
looking at averaged FD-curves recorded on individual cells, which may
be in various cell-cycle or homeostatic stages, the differences in the SCFS
parameters are visible. In Fig. 2c-f. averaged FD-curves of Vero and HeLa
cells were compared, which were recorded from similar conditions and
confluencies. The single-cell parameters of the investigated categories
were evaluated and presented as box charts in Figs. 3 and 4. Statistical
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Fig. 2. SCFS results of cells from different categories represented by averaged FD-curves of Vero (a) and HeLa (b) cells. The colors indicate the categories, namely
Vero or HeLa cells picked up from the top of the tight Vero monolayer (Vero TOP (a), HeLa TOP (b), magenta), Vero or HeLa single-cells picked up from the gelatin
coating (Vero SC (a), HeLa SC (b), black), Vero or HeLa cells picked up from island-like assemblies of same type of cells (Vero ISL (a), HeLa ISL (b), orange), Vero cells
picked up from the sparse Vero monolayer (Vero sparse ML (a), blue), and Vero cells pickled up from the tight Vero monolayer or HeLa cells picked up from a
confluent HeLa monolayer (Vero tight ML (a), HeLa CFL (b), red). c-d) Comparison of averaged FD-curves of Vero and HeLa cells obtained in the assembly categories
and typical microscopic images of the measured cells. ¢) Vero (green) or HeLa (red) cells were picked-up from the TOP of the Vero tight ML; in the images, olive green
arrow points to Vero cell and red arrow to HeLa cell. On d) the single-cell (SC) case, while on e) the island-like (ISL) assembly is shown. f) compares the confluent
culture case of HeLa cells with cells detached from Vero monolayers, where three subcategories are presented: the Vero sparse ML case (light green), the Vero tight
ML case with HeLa cell influence (turquoise, red arrows point to HeLa cells), and the Vero tight ML case (olive green). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

evaluation was made for the subcategories of comparability. The com-
parison of cell lines only makes sense in the case of the same morpho-
logical category, which means that between Vero and Hela cells, the
evaluation was only made between SC-SC, ISL-ISL, ML-CFL, TOP-TOP
cases (Fig. 2). However, the differences in the morphological structure

were evaluated for the individual cell lines but not for all subcategories.
The Supplementary Information (SI) lists the detailed results of the
conducted statistical tests on the different subcategories and also pre-
sents the correlations of the various parameters measured (see Figs
S1-S2, Tables S1-S3). Also, to elaborate our data further, the exact
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Fig. 3. Population distributions of the measured single-cell adhesion parameters. a) Measured single-cell (SC) Fnax values in various categories. Values of the
categories are: Vero SC 131-609 nN, Vero ISL 134-1401 nN, Vero sparse ML 324-2469 nN, Vero tight ML 367-2615 nN, HeLa SC 71-667 nN, HeLa ISL 57-769 nN,
HeLa CFL 19-672 nN, Vero TOP (on tight Vero ML) 23-300 nN, HeLa TOP (on tight Vero ML) 334-1145 nN, Vero ML-HeLa (Vero is picked up from the Vero
monolayer while HeLa is influencing the Vero tight monolayer) 334-2093 nN. b) E,.x parameter of various categories. Values of the categories are: Vero SC 2-18 pJ,
Vero ISL 2-39 pJ, Vero sparse ML 8-130 pJ, Vero tight ML 9-174 pJ, HeLa SC 0.2-17 pJ, HeLa ISL 1.3-33 pJ, HeLa CFL 0.1-17 pJ, Vero TOP (on tight Vero ML) 0.2-6
pJ, HeLa TOP (on tight Vero ML) 0.01-31 pJ, Vero ML-HeLa (HeLa is influencing the Vero tight monolayer) 3-173 pJ. ¢) Di,ax parameter of various categories. Values
of the categories are: Vero SC 0.2-51 pm, Vero ISL 0.3-29 pm, Vero sparse ML 13-68 um, Vero tight ML 14-65 um, HeLa SC 0.3-31 um, HeLa ISL 5-63 um, HeLa CFL
3-26 um, Vero TOP (on tight Vero ML) 5-22 um, HeLa TOP (on tight Vero ML) 3-42 um, Vero ML-HeLa (HeLa is influencing the Vero tight monolayer) 3-62 um. d)
A, parameter of various categories. Values of the categories are: Vero SC 708-4678 um?, Vero ISL 582-6169 ym?, Vero sparse ML 1521-9649 um?, Vero tight ML
339-13741 um?, Hela SC 556-1831 um?, HeLa ISL 474-3332 um?, HeLa CFL 371-3122 um?, Vero TOP (on tight Vero ML) 359-839 um?, HeLa TOP (on tight Vero

ML) 249-665 um?, Vero ML-HeLa (HeLa is influencing the Vero tight monolayer) 302-7922 ym?.

cell-substrate contact area (A¢s) of individual cells was defined based on
the recorded microscopic images directly before detachment (see
Fig. 3d). This enabled the visualization of area normalized SCFS pa-
rameters (Fig. 4b-c) and to calculate cell-cell contact forces based on a
model we introduce later in this work (see Fig. 5 and relevant text in the
discussions). Furthermore, a newly introduced parameter, the spring
coefficient (S.), the fraction of Fy,x and Dy, characterizes the elasticity
of a given cell and can be interpreted as its elongation based on its
attachment strength and deformation capability (Fig. 4a). The recorded
S. values are analyzed in Fig. 4b.

The significance level was tested with the non-parametric Kolmo-
gorov-Smirnov test because the data was found to have a lognormal
distribution, where the value p indicates the level of significant differ-
ence between the two categories. The p-value is marked with an asterisk
indicating the level of significance, in the case of p < 0.05 with *,
p < 0.01 with **, p < 0.001 with ***, and p < 0.0001 with ****,

In the analyzed SCFS parameters, Fpax, Emax, and Dpyax are directly
exported from the investigated FD-curves, Fpax is shown in Fig. 3a,
where strong significances have been found between the various cate-
gories analyzed. The same contact maturation is also observable in the
Enmax parameter shown in Fig. 3b, which shows the same maturation in
Vero contacts, while the HeLa cells have different adhesion energies
between the SC and ISL states. Shown in Fig. 3c, another characteristic
SCFS parameter, the Dyax, represents the elongation of a cell until the
maximum detachment force (Fy,x) is reached. To examine the influence
of cell size on SCFS parameters determining cell attachment forces and
energies, the exact cell-substrate contact area (A.) was determined

(Fig. 3d). The main differences in A are strong between the organiza-
tion levels of Vero and HeLa cells since the ML/CFL cases in the two cell
lines are significantly smaller than SC cases, showing that in an estab-
lished confluent layer, the cells have reduced area to spread.

The spring coefficient (S.), representing Fpax/Dmax Of Vero cells,
shows a significantly rising tendency from the SC to the ML state
(Fig. 4b). Also, by normalizing the SCFS parameters Fy,ax and Epax with
A, significant differences can be observed between Vero tight ML and
all other Vero categories (SC/ISL/sparse ML), which can be attributed to
the inevitable presence of cell junctions (Fig. 4b-c). Also, Vero tight ML
has significantly higher Fpax/Acs and Epmax/Acs than HeLa CFL cells,
which directly proves loser or less adhered junctions in HeLa cells. A
further interesting observation is the attachment force normalized by
the cell area when comparing HeLa SC and HeLa TOP cells since the
HelLa cells seeded on the Vero monolayer exhibit larger values compared
to the HeLa cells picked up from the ECM mimicking gelatin substrate.
The coherence and correlation between some measured cell mechanical
parameters were depicted on scatter plots ( see SI Fig. S1).

In the Vero cell population, the FD-curves show a substantial evo-
lution from the single-cell state to the tight monolayer state, which can
be accounted for the development and maturation of cell-cell contacts
(Fig. 2a). In Fig. 2c-f. averaged FD-curves of Vero and Hela cells
recorded from similar conditions and confluencies were compared, and
here the epithelial assembly and establishment of cell-cell contacts are
clearly visible. The range of Fp.x values has a broad spectrum, where
Vero cells assembled into a tight and sparse monolayer exhibit the
strongest forces onto the substrate. Here, even values up to 2615 nN
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deformation upon pulling it from the surface with the FluidFM cantilever (i and ii), which can be interpreted as the pulling of spring with a specific amount of force
(iii). The longest elongation D,y is reached when pulling the cell with the maximum force Fy,,x. Thus the fraction Dy, ,x and Fp . yields S, the linear slope connecting
the maximal force-elongation with the zero level b. S, parameter of various categories. Values of the categories are: Vero SC 6-37 nN/um, Vero ISL 10-234 nN/um,
Vero sparse ML 7-68 nN/um, Vero tight ML 12-95 nN/um, HeLa SC 3-165 nN/um, HeLa ISL 3-49 nN/um, HeLa CFL 5-48 nN/um, Vero TOP 3-16 nN/um, HeLa TOP
2-71 nN/um, Vero ML-HeLa 10-264 nN/um. ¢. Fyay/Acs parameter of various categories. Values of the categories are: Vero SC 0.09-0.52 nN/um?, Vero ISL0.08-0.91
nN/um?, Vero sparse ML 0.07-0.57 nN/um?, Vero tight ML 0.16-1.51 um?, HeLa SC 0.07-0.45 nN/um?, HeLa ISL 0.08-0.75 nN/um?, HeLa CFL 0.03-1.15 um?, Vero
TOP 0.04-0.84 nN/pmz, HeLa TOP 0.01-2.24 nN/pmz, Vero ML-HeLa 0.11-2.71 nN/pmz. d.) Emax/Acs parameter of various categories. Values of the categories are:
Vero SC 0.001-0.011 pJ/um?, Vero ISL 0.002-0.02 pJ/um?, Vero sparse ML 0.002-0.018 pJ/um?, Vero tight ML 0.004-0.047 pJ/um?, HeLa SC 3.6X(10~*)— 0.01 pJ/
um?, HeLa ISL 0.001-0.03 pJ/um?, HeLa CFL 1.77 x 10“-0.02 pJ/um?, Vero TOP 5.2 x 10%-0.015 pJ/um?, HeLa TOP 1.5 x 10©>-0.064 pJ/um?, Vero ML-

HeLa 0.004-0.045 pJ/um?.

have been measured, while in other cases, these values were much
lower: Fpax values of Vero SC are significantly lower to the Vero ML
cases (p < 0.0001), but not to the ISL assembly, and there is no signif-
icant difference between the Vero SC and HeLa SC/ISL/CFL categories
either. This means that Vero SC and all of the HeLa categories attach
with the same amount of focal force to the substrate. In contrast, HeLa
does not show any development in force maturation, which indicates
non-existent cell-cell junctions, while in Vero ML assembly, the cell-cell
adhesions play a tremendous role. Furthermore, Vero cells detached
from ML with HelLa influence were found to be non-different in any of
the investigated parameters compared to healthy sparse/tight Vero ML
(Figs. 3. and 4.). The stiffer a cell, the shorter the Dy,,x distance, and
more elastic cells have larger Dpax. It is known that cancer cells decrease
endothelial cell stiffness (Mierke, 2011), but HeLa cells did not alter the
epithelial Vero monolayer in this setting (Fig. 3¢). However, importantly
again, the contact maturation of Vero monolayer can be emphasized for
Dnax in contrast to HeLa cells. Vero cells organized into a sparse or tight
monolayer become more elastic than SC or ISL assemblies, but HeLa
cells organized into ISL structures exhibit larger Dy values, and it can
be said that generally, HeLa cells are stiffer compared to Vero cells. The
higher Dp.x values of HeLa ISL compared to the HeLa SC category
indicate increased flexibility of cancer cells organized into multicellular
structures (Clark and Vignjevic, 2015), which may signify increased
malignancy (Xu et al., 2012).

A feature of Vero cells is that during the formation of monolayers,
they go through a stage when cells are widely spread compared to other
levels of organization. It is essential since the Vero sparse ML cells

exhibit similar SCFS characteristics to tight ML cells, but their A are
more extensive than all other categories. The Fy,,x and Ep.x parameters
show differences in the Vero and HeLa cells picked up from the TOP of
the Vero monolayer. Also, an observation can be made when comparing
Vero and HeLa TOP cells cell-surface area, where HeLa TOP A is
significantly smaller; however, when comparing Vero and HeLa SC cells,
there is no statistical difference. The spring coefficient (S,), representing
Fmax/Dmax, Of Vero cells shows a significantly rising tendency from the
SC to the ML state, which means that in the confluent and tight mono-
layers, cells present higher elasticity (Fig. 4b) compared to single-cell
state and island-like assemblies. However, it should be considered that
this elevation in S, is also caused by the pulling of the cells as a layer
with a strong contact to other cells. Significantly higher S. values were
also observed between HeLa cells, but based on the previous results, the
HeLa do not form strong cell-cell contacts, and this increased elasticity
may be a sign that some kind of support mechanism is formed.
Furthermore, the S. shows also a significant difference between HeLa
and Vero cells picked up from the TOP of the ML, which is somewhat
expected since cancer cells require higher elasticity when infiltrating a
cell layer. Also, another interesting significant difference is between
Vero SC and Vero TOP, where the TOP cells show reduced SCFS pa-
rameters compared to SC’s, which can be explained by the different
bidirectional mechanical properties of cells and different substrates
(Mierke, 2021) (gelatin in case of SC, and cellular monolayer in case of
TOP).

A previous study with FluidFM on HUAEC cells revealed that EMT
influences cell-cell and cell-matrix mechanobiological features, and also
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Fig. 5. Distributions of total, cell-substratum, and cell-cell forces and energies of Vero cell from tight monolayers. Based on the proposed formalism, cell-substrate
forces (a, F.s) and energies (b, E.) are a fraction of the total cell detachment forces (a, Fihax) and energies (b, Epay) of cells from the monolayer and have a similar
average compared to cell-cell (F, E ) values. By determining the perimeter and the average cell-cell contact, height force and energy (work of adhesion) densities
con be calculated (c-f). On g, the morphological differences of the endothelium and kidney epithelial cells are presented, which yield a difference in cell-cell adhesion
properties due to the differences in cell-cell contact height. The cell-cell contact height for the kidney epithelium (Vero) was determined using phase holographic

images (h).

the cell-cell contact maturation of the endothelial cells was tested
(Sancho et al., 2017). Sancho et al. assumed that the averaged cell-cell
contact strength can be calculated by directly subtracting averaged in-
dividual single-cell forces from averaged detachment forces of mono-
layer origin. This assumption in our case resulted in 1024 nN average ML
force and 316 nN average SC force in Vero cells, which subtracted from
each other equals to 707 nN averaged cell-cell adhesion forces in tight
ML conformation, which value is approximately twice of the value
measured by Sancho et al. This finding is understandable when looking
at the morphology of the compact Vero and HUAEC layers since Vero
cells are cuboidal and endothelial cells are squamous in morphology, so
Vero cells have higher cell-cell borders (Silverthorn, 2016). However,
the mentioned procedure with averaging has a substantial limitation
since that data of individual cells are lost in the averaging, and the
distributions of various parameters cannot be investigated. Also, other
aspects must be considered when addressing cell-cell adhesion forces: i)
single-cells can undergo different cell cycle events, influencing cell
adhesion and traction (Nagy et al., 2022a; Vianay et al., 2018; Pan-
agiotakopoulou et al., 2018; Jones et al., 2019, 2018; Salanki et al.,
2021; Gupta et al., 2021); ii) area of single-cells and monolayer origin
are significantly different, which heavily influence the number of focal
connections and the distance between individual cell-matrix contacts;
iii) subtracting a distinct subpopulations average from another sub-
populations average may lose single-cell data; iv) cell-cell contacts are
not present in single-cells, which influences the arrangement of actin
filaments and so a cell’s mechanistic features (Vasquez et al., 2017; Mao
and Baum, 2015).

Here, we introduce a novel strategy to address the critical question of
cell-cell adhesion strength based on experimental data. Our methodol-
ogy also considers the area and perimeter of various individual cells
organized into a tight monolayer. Based on the results, the area-

normalized detachment force (Fpax/Acs) and work (Epax/Acs) are an
ideal starting point to calculate cell-cell contact forces and energies,
where both of these values are significantly higher (p < 0.0001) in
monolayer detachments than of single-cells as expected, but they are
also significantly higher compared to island-like assemblies and sparse
monolayers. The cell-substrate contact area normalized values represent
the work (e.s) and force (f,s) surface density of a given cell. According to
our model, Fp,ox can be split up to two parts, namely the cell-substrate
and the cell-cell interaction contributions (Eq. 1).

Fmax :frx *Acx +Fcc (1)

Where A is the contact area of the cell and the substratum of a given
cell picked up from a tight monolayer, and F. is the force between the
cell and the cells directly surrounding it. We also propose a similar
equation for the adhesion energy (Eq. 2).

Epax = €cs % Ags + Ece (2

Here, E. is the adhesion energy (work of adhesion) contribution of
the cell-cell contacts of the investigated cell.

Next, we assume that the averaged cell-substratum force and work
densities are alike in the SC, ISL, and sparse ML state, so f.s and ecs can
also be considered the same when the Vero cells are in the sparse and
tight monolayer configuration. Based on this assumption and using the
individual cell areas measured by microscopy from the tight Vero ML,
and Egs. 1 and 2, we separated the adhesion force and work in the case of
the tight monolayer into the two fundamental components. The results
are plotted in Fig. 5. It should be emphasized that considering the in-
dividual cell areas and employing the above assumption, an average
cell-cell adhesion force of 523 nN and average cell-cell adhesion work of
18.5 pJ were obtained.

It is also interesting to investigate the origin of the cell-cell adhesion
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force and work. Our values are much larger than those obtained by
Sancho et al. (2017). We believe that the explanation of this difference is
the larger cell-cell contact surface area between the Vero cells compared
to the HUAEC cells (see Fig. 5g). To consider this, we determined the
perimeter of the individual cells and calculated force and work contri-
bution of a unit contact length based on these respective cell perimeters
(Po). Based on Eq. 3 (and a similar equation for the work), by using an
averaged cell contact height (he) of 4.75 micrometers from phase ho-
lographic imaging experiments (see Fig. 5h), we could calculate the
averaged cell-cell contact force (F..) (and work (E.)) for a unit cell-cell
contact area (Acc), where Ac.=h.c*l.. The obtained results are 0.67 + 0.5
nN/prn2 6.7 %1004 N/m?) cell-cell contact force density and 0.02
+0.015 pJ/um? (2 x10°® J/m?) cell-cell contact work density on
average, which values are ~3 times higher than in the experienced
cell-substratum force and work densities of Vero SC, ISL, and sparse ML
conformations.

Fee = fee * hee % 1. 3
3. Conclusions

Summarized, we measured the adhesion maturation of SCFS pa-
rameters in kidney epithelial Vero cells and cancerous HelLa cells with
particular regard to individual cell area and perimeter, which allowed to
determine the exact force and energy (work of adhesion) densities of
single-cell contacts. By observing that the force and work densities of
Vero cells detached from tight monolayers were significantly higher
compared to cells organized into single, island-like, and sparse mono-
layer assemblies, we introduced an equation, which incorporates indi-
vidual cell areas of the tight monolayer, to determine the forces and
energies of cell-substratum and cell-cell contacts. Respective perimeters
and average cell-cell contact height from holographic images have
revealed the cell-cell contact areas with cells surrounding the investi-
gated monolayer cells, which allowed us to determine the cell-cell
contact force and energy densities. The results show that cell-cell con-
tact strength plays a major role in the case of simple cuboidal epithelium
and is higher than cells of other configurations only presenting focal
adhesions. A reason for this increase is that within monolayers, stresses
are propagated over several cell diameters by intercellular adhesion, and
monolayer elasticity is two orders of magnitude larger than the elasticity
of their isolated cellular components (Hannezo et al., 2014; Harris et al.,
2012). Therefore, monolayers could withstand more than a doubling in
length before failing through the rupture of intercellular junctions. Since
mechanosensitivity and the release of serotonin is known in the
gastrointestinal-tract epithelium (enterochromaffin cells) (Beyder,
2019), and the kidney epithelium (Vero cells) must also withstand
external forces and stresses, the question arises how kidney function
depends on intercellular connectivity, for which investigations our study
also present a relevant methodology. Furthermore, based on the obser-
vations the squamous endothelium has different adhesion intercellular
adhesion strength compared to the cuboidal epithelium, which raises the
question whether the phenotype of cell lines plays a major role in
interconnectivity resulting in different functionalities and substance
transport mechanism. For a strong intercellular connection the
blood-brain-barrier (BBB) is a well-known organization of endothelial
cells, which provides a tightly sealed layer to prevent entry of substances
and damaging agents (Kadry et al., 2020; Dietrich, 2002). Also, pseu-
dostratified epithelia, commonly found in the respiratory airways, has a
punakoid morphology (Iber and Vetter, 2022), which enables various
forms and strength in intercellular connectivity. Therefore, not only the
cellular morphology but the origin and organ specificity of the cells is an
important aspect of cell-cell contact strength. From another perspective
extracellular ion concentrations heavily influence intercellular and basal
contact strength by altering receptor affinity (Tobey et al., 2004; Shen
et al., 2021; Leitinger et al., 2000; Brown et al., 2018). Among other
physiologically relevant ions and molecules an important ion is the
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calcium (Ca2+), which has a versatile and fundamental role in protein
function, cell signaling, transcription, homeostasis, mitochondrial
function, metabolism and cancer development (Milles et al., 2018; Shen
et al., 2021; Logan et al., 2022; Bagur and Gyorgy, 2018; Dejos et al.,
2020). Therefore, the investigation of ion versatility and its effect on cell
monolayer development and integrity (especially in endothelial layers
since the blood has a relatively large ion concentration variation) is of
high interest, and their role in cell-cell and cell-substratum adhesions
could be investigated as a possible continuation of our work.

Another exciting aspect of our study is that HeLa cancer cells have
limited variations in the observed SCFS parameters. However, some
differences are present between single-cell and confluent state, which
gives the impression of the absence of strong cell-cell contacts, proving
that cancer cells are unique in this aspect and that their adhesion and
survival is independent of colony formation. Furthermore, cancerous
HeLa cells seeded on top of the Vero monolayer exhibit significantly
larger adherence compared to non-cancerous Vero cells also seeded on
top of the monolayer. Therefore, we conclude that cancer cells present
adhesion proteins essential for strong intercellular attachments to
infiltrate monolayers. From the literature, the proteins needed for
intercellular adhesion between cancer cells or white blood cells attach to
the endothelium or exit the bloodstream via VCAM, PECAM, ICAM,
EPCR, TM-integrin interactions (Park and Shimaoka, 2020; Gordon
et al., 2020). Based on our observation, the membrane proteins present
on the apical surface of Vero cells may promote excessively high
adherence of cancerous HeLa cells (Nagy et al., 2022b; Harjunpaa et al.,
2019; Guo et al., 2014). So, the reason Vero cells do not adhere to the
monolayer as strong as HeLa cells is the special expression composition
of adhesion receptors by HeLa cells, which seem to have a ligand on the
apical Vero monolayer surface. The nature of this ligand-receptor
interaction could elucidate the mechanisms of cancer cell invasion of
tissues, and its potential disruption may decrease the probability of
metastasis formation.

However, novel protocols on FluidFM must be considered to study
transendothelial migration of cancer cells since it was presented that
flow and shear-stress influences cancer cell adhesion to monolayers,
their transmigration capabilities, endothelial stiffness, and protein
expression patterns (Gordon et al., 2020; Brandsma et al., 2002). We
propose developing a custom-made, standard-size plate with half-pipes
etched through that enable fluidic flow, circulated by a pump, and
accessed by the FluidFM probe. The half-pipes can then be covered with
ECM mimicking gels, and endothelial cells could be seeded there to
create a barrier between the ECM and the fluid. Cancer cells added to the
circulating fluid can then freely move in the endothelial half-pipes, and
their adhesion strength could be studied under 3D in vitro conditions.
Also, FluidFM would enable the extraction of intracellular content of the
infiltrated endothelium, and with common techniques used in molecular
biology and genetics (e.g., qPCR) the mRNA contents and altered protein
expression of infected layers can be studied (Chen et al., 2022), with
special regard to the exact migration spot. This method would also show
the importance and strength of apical adhesion proteins in
cancer-related infiltration processes. Furthermore, cell-cell adhesion in
fertilization can also be accessed with the presented multilayer meth-
odology upon growing simple columnar epithelium from the uterus and
then investigating environmental effects on blastocyst adherence and
implantation.

4. Materials and methods
4.1. Gelatin coating

For the coating, 0.02 % gelatin in Dulbecco’s phosphate buffered
saline (DPBS) solution was freshly prepared. The 6-well non-coated
culture plates used in the experiments were filled in each well with
1 mL gelatin solution and placed into the incubator for 20 min at 37 °C.
The coated dish was then rinsed 3x with PBS and filled with 3 mL of
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completed culture media until utilization. The ultra-thin gelatin layer
applied was already characterized previously by our group with QCM,
OWLS, EPIC BT biosensor, and atomic force-microscope (AFM), and its
thickness was measured to be around 10 nm (Debreczeni et al., 2020).

4.2. Cell culture techniques

Vero (ATCC CCL81) and HeLa (ECACC 93021013) cultures were
maintained inside a humidified incubator at 37 °C and 5 % CO,. For
culturing, completed culture medium consisting of Dulbecco’s modifi-
cation of Eagle Medium (DMEM, Gibco) extended with 10% heat-
inactivated fetal bovine serum (FBS, Biowest), 4 mM L-glutamine,
100 U/mL penicillin, and 100 pg/mL streptomycin solution. For Vero
cells, 2 mM L-glutamine, sodium pyruvate, and MEM non-essential
amino acid solution were specially added into the DMEM (Ammerman
et al., 2008). Reagents were obtained from Sigma-Aldrich.

To create different cell culture confluency levels for the experiments,
Vero or HeLa cells were picked up from confluent cell cultures using
0.05 % (w/v) trypsin- and 0.02 % (w/v) EDTA-DPBS solution for 2 min
to detach cells from the tissue culture dish. Then, detached cells in
different concentrations (0.6 x10°-0.24 x10°-0.12 x10° cells) were
added to the wells of the previously gelatin-coated 6-well dish. The 6-
well plate was then placed into a humidified incubator for 24 h at
37 °C and 5 % COx to let cells adhere and spread on the gelatin coating.
After the elapsed time, wells were rinsed with DPBS and were filled with
HPMI buffer (9 mM glucose, 10 mM NaHCOs, 119 mM NaCl, 9 mM
HEPES, 5 mM KCl, 0.85 mM MgCl,, 0.053 mM CaCly, 5 mM Na;HPO4
x2 Hy0, pH 7.4) for the recording.

To record Vero and HeLa cell adherence to Vero monolayers, cells
were detached from the culture dishes as described above, cell suspen-
sions were centrifuged for 5 min at 200xg, the cell pellets were resus-
pended in 1 mL HPMI buffer and 0.24 x 108 cells were distributed on
top of the established Vero tight monolayer. Before adding Vero and
HeLa cells to the Vero monolayer containing plate, the monolayer was
rinsed, floating cells (apoptotic, dead) were washed out with DPBS, and
HPMI buffer was added as an experimental medium. Newly added to the
top of the Vero monolayer Vero and HeLa cells were allowed to adhere
for 30 min before starting the recording.

4.3. High-throughput SCFS recordings with robotized FluidFM

For the SCFS recordings, the FluidFM OMNIUM instrument (Cyto-
surge AG., Ziirich, Switzerland) placed on a vibration-free table was
used. Cells cultured in the 6-well plate containing were placed into the
robotized xy-stage of the instrument, observed with Zeiss Axio Observer
Z1 optical microscope (Carl Zeiss AG, Oberkochen, Germany). Buffer
filled FluidFM micropipette cantilevers were mounted on the z-stage of
the instrument, known as head. The stage of the OMNIUM can handle
two separate plates, from which one is the experimental plate and the
other one is utilized for cleaning purposes or probe exchange. After each
recording conducted on living cells the cantilever attached to the plastic
holder known together as probe, is dipped in MQ water followed by a
few seconds of 5 % hypochlorite, then rinsed again 4 times with MQ
water. Before each SCFS recording cycle the inverse optical lever
sensitivity (InvOLS) is determined because its accuracy influences the
obtained force values, which is dependent on the actual laser-spot po-
sition from the laser reflection optics of the instrument (Nagy et al.,
2019). The spring constant (k) of the cantilever is calculated in air before
dipping the cantilever into buffer, by the built-in function of the
OMNIUM using the Sader-method as calibration strategy (Sader et al.,
2012). InvOLS must be defined for the laser-spot positions used during
recordings and k for every individual cantilever to receive the most
accurate results with the smallest error as possible (Nagy et al., 2019).
For SCFS recording an 8 um aperture FluidFM micropipette cantilever
was used, and recording execution was done with parameters of
recording as following: set-point 20 mV, approach and retract speed
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1 um/s, pressure — 500 mbar, pause 5 s, retraction distance 150 um.
Before each recording, a microscopy image was taken of the cell to be
detached to evaluate cell area and to validate their category. In total 13
experimental sessions were conducted including the various scenarios
described in the manuscript. During these recordings a total of 5 canti-
levers were used with spring constant values in the range of
1.5-2.3 N/m.

4.4. Data evaluation

Analysis of the obtained SCFS data was carried out using a custom
Matlab application written by us to evaluate the characteristic FD-curves
and save all numeric parameters automatically for quicker evaluation
(Nagy et al., 2022c). Cell-substrate contact area (As) and cell perimeter
(P.) were determined in CellProfiler (Carpenter et al., 2006), which is
capable of switching between images and saving the results automati-
cally after the user is able to draw the outline shape of the cell manually.
The area and perimeter of a cell is calculated in pixels, where 1 px
= 5.0625 um? and the length of a pixel is 2.25 ym. Data plots and sig-
nificance tests were performed in Origin 9.5. By testing the normality
and log-normality of the data it became clear, that the categories count
indeed as absolutely separated, and they cannot be confused with one
another. This can be stated, because the data for all HeLa and Vero cells
respectively did not pass the normality and log-normality tests, but the
established categories did. Therefore, general diagrams and statistical
comparisons can only be made between the categorically separated
HeLa and Vero data. Since the obtained data is rather log-normally
distributed for all parameters, but the subpopulation sample sizes indi-
cate to use a statistical test designed for log-normally distributed data,
for the final evaluation the Kolmogorov-Smirnov test (two-sample, un-
paired) was applied. Results of normality and log-normality tests, his-
tograms of log-normal fitting on subpopulations, FD-curves of individual
cell belonging to subpopulations, and other relevant data is shown in the
Supplementary information (SI Tables S1-S3 ).

4.5. Digital holographic microscopy

The digital holographic cytometer, Holomonitor M4 (Phase Holo-
graphic Imaging PHI AB, Lund, Sweden) was placed inside a humidified
incubator with 37 °C and 5% CO,. Vero cell spreading and growth was
monitored for 24 h, during which they established a confluent mono-
layer on a gelatin-coated 35 mm glass bottom dish (VWR). Gelatin
coating was performed as described above, and for the recording the
dish was filled with 3 mL of completed cell culture medium. Prior to the
recording 200 pl cell suspension (~6 x10° cells) were added to the
35 mm gelatin-coated dish, which was covered with the HoloLid (Phase
Holographic Imaging PHI AB, Lund, Sweden). The set-up of the Hol-
omonitor and the HoloLid are determined by the manufacturer, and all
guidelines were followed according to the manual.
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