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Single-cell adhesion strength
and contact density drops in the M
phase of cancer cells
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Milan Sztilkovics?, Inna Székacs?, Balint Szabé%?** & Robert Horvath***

The high throughput, cost effective and sensitive quantification of cell adhesion strength at the single-
cell level is still a challenging task. The adhesion force between tissue cells and their environment is
crucial in all multicellular organisms. Integrins transmit force between the intracellular cytoskeleton
and the extracellular matrix. This force is not only a mechanical interaction but a way of signal
transduction as well. For instance, adhesion-dependent cells switch to an apoptotic mode in the lack
of adhesion forces. Adhesion of tumor cells is a potential therapeutic target, as it is actively modulated
during tissue invasion and cell release to the bloodstream resulting in metastasis. We investigated

the integrin-mediated adhesion between cancer cells and their RGD (Arg-Gly-Asp) motif displaying
biomimetic substratum using the HelLa cell line transfected by the Fucci fluorescent cell cycle reporter
construct. We employed a computer-controlled micropipette and a high spatial resolution label-free
resonant waveguide grating-based optical sensor calibrated to adhesion force and energy at the
single-cell level. We found that the overall adhesion strength of single cancer cells is approximately
constant in all phases except the mitotic (M) phase with a significantly lower adhesion. Single-cell
evanescent field based biosensor measurements revealed that at the mitotic phase the cell material
mass per unit area inside the cell-substratum contact zone is significantly less, too. Importantly, the
weaker mitotic adhesion is not simply a direct consequence of the measured smaller contact area. Our
results highlight these differences in the mitotic reticular adhesions and confirm that cell adhesion is a
promising target of selective cancer drugs as the vast majority of normal, differentiated tissue cells do
not enter the M phase and do not divide.

Cell adhesion! is a fundamental and complex biological process of a cell anchoring to another cell or to the extra-
cellular matrix (ECM). This process is mediated by cell surface receptor molecules, such as integrins, cadherins,
selectins, and members of the immunoglobulin superfamily?. Cell adhesion is known to be closely related to the
actin cytoskeleton, the organization of which is crucial in determining the structural and mechanical properties
of living cells. Dynamically controlled cell adhesion plays a cardinal role both on the level of individual cells in
intracellular signaling, migration, proliferation, differentiation, and gene expression and on the level of multicel-
lular organisms in cell-cell communication, the developing embryo?, the immune system?, and the metastasis of
tumors*®. Adhesion forces act as signaling pathways. The rigidity of the ECM affects the differentiation and mor-
phogenesis of cells. The rigidity is sensed primarily through integrin-mediated cell-ECM adhesion complexes”.

RGD (Arg-Gly-Asp tripeptide) is an amino acid motif naturally found on extracellular matrix proteins. It
is recognized by members of the integrin transmembrane protein family which is primarily responsible for the
adhesion of cells to the ECM. Integrins are composed as the combination of two subunits, forming a total of 24
different types of proteins in higher vertebrates, eight of which are specific to RGD binding sites (avp3, avf5,
avP6, avpl, avp8, a5p1, allbP3, and a8P1)®. Novel chemical tools developed to functionalize in vitro surfaces
allow for the examination of specific molecular interactions during surface adhesion, such as the RGD-medi-
ated activation and clustering of integrins’~'*. RGD antagonists binding integrin promise new cancer therapies,
especially for angiogenesis inhibition'>!*. RGD-based nanotherapeutics to target integrins on cancer cells are
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Single-cell RWG RWG CCM* FluidFM BOT | AFM TFM
Throughput 1000 s of cells 1000 s of cells 100 s of ) ~20 cells/hour | 1 cell/05-1h |~ 50 cells/several
in situ in situ cells/30 min hours
Force sensitivity nN** no N nN [5,150] pN PN-nN scale
Smgle—cell resolu- Yes No Yes Yes Yes Yes
tion
Temporal measure- Yes Yes No No No Yes
ment
End-point meas- Possible Possible Yes Yes Yes Possible
urement
Cell survival Yes Yes Yes Yes No Yes
References 41,42(Present Study) 13,14,38,39,43-46 46,52,57-59 36,50-53 18,33,47 30-32,34

Table 1. Comparative table to overview the capabilities of different cell adhesion measurement techniques®.
RWG biosensors are generally used to measure thousands of cells simultaneously from the time of suspending
the cells in the medium until completely adhered, novel RWGs even have single-cell resolution capabilities. An
alternative measurement is also possible when completely adhered cells are measured for a short amount of
time, as discussed in this study. The computer-controlled micropipette, FluidFM, and AFM are all capable of
single-cell measurements, but the time needed to measure a cell varies greatly, as well as the scale of the force
sensitivity. *CCM is an abbreviation for computer-controlled micropipette. **when calibrated using FluidFM
BOT?*!.. ***This value is based on numerical simulations on the lifting force of microbeads®, and on direct
comparison with FluidFM BOT force data®.

under development’

various cancers.

The eukaryotic cell cycle is a series of biochemical events that leads to the duplication of chromosomes and
their subsequent distribution to two daughter cells. The cycle, whose progression is controlled by members of the
cyclin-dependent kinase (CDK) family in association with partner cyclin proteins'®, affects most of the essential
molecular machinery of the cell, including DNA and protein metabolism, growth, cytoskeletal rearrangements,
and also integrin-mediated cell adhesion. The changing ratio of the CDKs and their counteractive phosphatases
is thought to drive the progression of the cell cycle, as this ratio is sensed by substrates, which phosphorylate
accordingly, propelling the transition through G1, S, and M phases®.

In cancer, there are fundamental alterations in the genetic control of cell division, resulting in an unrestrained
cell proliferation?’. During mitosis, microtubule dynamic is increased to 20~100-fold which suggests that mitosis
is the primary time of microtubule targeting. Most microtubule targeting agents (MTAs) are also frequently
referred to as “antimitotic drugs”?!. MTAs can be divided into microtubule-destabilizing agents (such as the
vinca alkaloids and colchicine), and microtubule-stabilizing agents (such as the taxanes)*'~?*, categories. The
development of anticancer therapies targeting the microtubules has usually focused on agents that bind either
the taxane or vinca alkaloid site?'.

For most cells, cell cycle progression is anchorage-dependent®, requiring cell-ECM interactions via integrin
transmembrane receptors and the formation of actin-associated adhesion complexes®. G1 and G2 phases are
characterized by cell growth (intensive protein synthesis and organelle multiplication) which includes an increase
in the area of contact between the cell and its substrate. Early observations on flat surfaces have shown that
directly before mitosis (the M phase of the cell cycle), focal adhesion complexes and actin stress fibers are rapidly
disassembled. This results in a drastic reduction of traction forces*” and previously spread out cells round up due
to a radical reorganization of the cytoskeleton®. This cell rounding is required for accurate spindle formation
and chromosome capture and the integrin-mediated adhesion is required for determining the orientation of cell
division?. Focal adhesions provide essential cues to the anchorage-dependent cell cycle progression, and right
before mitosis they undergo remodeling which allows the cell to round up. This decrease in adhesion activity is
directly regulated by CDK1 through phosphorylation sites present on adhesion complexes'®. Hyperactivation
of integrins inhibits rounding up thus decreasing the ability of cells to divide. Cells regain the ability to produce
traction forces as they exit from mitosis and re-spread onto the extracellular matrix in early G1?7.

A few methods have been already suggested to quantify the adhesion mechanics exerted by the cells
throughout the cell cycle. Table 1 summarizes and compares the relevant techniques available. An approach to
examine this correlation is to use traction force microscopy (TFM)*® (Table 1). This technique measures traction
forces indirectly by attaching cells onto an elastic surface containing fluorescent landmarks. As the cells exert
mechanical forces on their substrate, the elastic gel including the markers deforms. Traction forces are derived
from comparing the original position of the markers with their location after the cells have adhered and deformed
the gel. An alternative way to measure traction forces is to use microneedles instead of fluorescent markers. In
this setup, the needles designated for the cells to adhere onto are positioned in a discreet array. These pillars
deform as cells exert forces on them, and their deformation serves as the basis for determining traction forces®"*2.

The role of focal adhesions in the rounding up of cells during mitosis was investigated at different phases of
the osteosarcoma cell cycle using atomic force microscopy (AFM)* (see Table 1). In a study, the procession of
cell cycle in HeLa cells was blocked and then released at various time points to obtain cells precisely in G1, S, and
G2 phases. Cells were then fixed and stained to examine adhesion complexes and actin cytoskeleton. Evaluation

, as integrins are extracellularly accessible. Preclinical trials provided promising results in
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of the data revealed that the adhesion area per cell gradually increased from early G1 to the end of the S phase,
at which point it started to decline throughout the G2 phase'®.

Cell cycle-dependent force transmission was investigated on HeLa Fucci2 cells using quantum-dot-based
traction force microscopy. They found a linear increase of basal area upon progression from the M/G1 to the G1
phase and the cell surface increment continued in late S/G2. Forces also increased from the M/G1 phase to G1
and lasted through early S and a slight decrease was measured toward the end of the cell cycle, in the late S/G2
phase®*. It was also observed that traction forces first increased from early G1 to late G1 and S phase and then
dropped after the S phase until G2 in RPE1-Fucci cells on fibronectin surface. They confirmed that cells entering
S phase produced significantly higher traction forces than cells in early G1 or late G2*°.

The natural mobility of HeLa Fucci cells was also investigated to understand the mechanisms of cancer cell
migration into the surrounding tissue, using a PDMS microfluidic device®. The study conducted by Ledvina
et al. showed that HeLa Fucci cells migrated at an even rate while in the G1, S, and G2 phases of the cell cycle,
while mitotic cells showed a decrease in migration speed®.

Techniques to measure the force of cell adhesion can be divided into two categories: population meth-
ods and single-cell approaches®. The simple washing assay, spinning disk method, and flow chambers rely on
hydrodynamic shear flow removing cells from the surface. These techniques can investigate a population of cells;
however, they do not enable single cell targeting.

An alternative to measuring cellular adhesion with high sensitivity and high temporal resolution is the
application of evanescent field based optical biosensors®”*® (Table 1). Here, the biosensor signal is directly pro-
portional to the cell-substratum contact area and also correlates with the strength of adhesion in real-time®**’.
Importantly, photonic crystal biosensors*® and novel resonant waveguide gratings (RWG)*"*2 have large enough
spatial resolution to resolve individual cells. This is an important development since RWG sensors employed
in the majority of prior publications average the signals of thousands of cells over a relatively large sensor area
(4 mm?). Even so, the RWG technology was found to be useful to reveal molecular scale kinetic interactions in
the cell-substratum contact zone!*!43%3%4344 and its signals were compared with Optical Waveguide Lightmode
Spectroscopy (OWLS)** and Computer Controlled Micropipette data.

To directly measure the adhesion force of single cells, cytodetachment with an AFM tip*’ or micropipette
aspiration*®* can be applied. Both of them are very low throughput methods. Note, using a modified AFM
applying vacuum on cells with a fluidic micro-channel (Fluidic Force Microscopy, FluidFM), the throughput is
increased by a factor of 10 compared to conventional AFM>**->* (Table 1). The optical signal of a high spatial
resolution RWG (Single-Cell RWG) was recently calibrated by our group to adhesion force and energy values
using a robotic fluidic force microscopy setup (FluidFM BOT), making possible to resolve the kinetics of single-
cell adhesion forces and energy of large cell populations®!.

A computer-controlled micropipette can measure the adhesion force per unit area of individual cells with
relatively high throughput (hundreds of cells in ~ 30 min®?) especially when compared to AFM or FluidFM
(Table 1). A unique feature of the micropipette-based method is that single cells can be isolated and further
investigated by e.g., scRNA sequencing®>¢ after the adhesion force measurement.

The Fucci (Fluorescent Ubiquitination-based Cell Cycle Indicator) system was developed by Sakaue-Sawano
et al. as a tool to visualize the dynamics of cell cycle progression®'. HeLa-Fucci cells periodically express two
fluorescent protein tagged molecules namely Geminin fused with monomeric Azami green (mAG-hGem) and
Cdt1 fused with monomeric Kusabira Orange (mKO2-hCdt1) the expression levels of which oscillate periodi-
cally during the cycle: mKO2-hCdt1 levels are high during G1, while mAG-hGem levels are high during the S/
G2/M phases®'. No fluorescence is emitted in transition from M to G1, whereas both red and green fluorescence
signals are emitted in early S phase®® (Fig. 2C). This setup allowed us to monitor cell cycle progression over the
course of adhesion measurements and categorize single-cell force data according to the cell cycle phase.

In our study, we used cutting edge cell adhesion measurement techniques such as the computer-controlled
micropipette®® and the previously mentioned single-cell resolution RWG biosensor (commonly recognized as
Epic Cardio)*"*? to examine the dependence of cell detachment force on cell cycle progression (Fig. 1). To moni-
tor the cell cycle phase of individual cells, we applied the Fucci genetic construct expressed by HeLa cells®!. The
computer-controlled micropipette can be mounted onto a standard inverted microscope. Cells are kept in a Petri
dish and they are selected by software or the human operator based on their phase contrast and/or fluorescent
images. Cells can be targeted individually by a glass micropipette with an aperture of 5-70 um. Hundreds of cells
adhered to specific macromolecules could be measured one by one in a relatively short period of time (~ 30 min).
We could also measure the adhesion strength of several hundred cells in a label-free, non-invasive manner with
a high temporal and lateral resolution in the RWG biosensor. The sensor itself consists of a transparent high
refractive index waveguide layer with an incorporated grating. The primary signal of the sensor is the resonant
wavelength shift (WS) of the incoupling light, which is given in picometers and is commonly referred to as
dynamic mass redistribution (DMR) signal in the literature®.

Materials and methods

Cell culture for adhesion force measurement. HelLa Fucci (RCB2812, RIKEN BRC) cell line®! was
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, 31,885 Gibco), supplemented with 10% fetal bovine
serum (FBS) (Biowest SAS), 1% penicillin/streptomycin (Gibco) solution. Cells were cultured in a humidified
atmosphere containing 5% CO, at 37 °C.

Single cell adhesion force measurement with computer-controlled micropipette. Cell prep-
aration. 'The synthetic copolymer RGD-functionalized poly(L-lysine)-graft-poly(ethylene glycol) (PLL-
¢-PEG-RGD) was obtained as powders from SuSoS AG, Diibendorf, Switzerland and dissolved in 10 mM
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Figure 1. Schematic representation of the adhesion strength measurements on single cells using a computer-
controlled micropipette!* and the high-resolution RWG biosensor (Single-Cell RWG)**#’. (A) Region of interest
(ROI) of RGD-displaying Petri dish surface containing HeLa Fucci cells is scanned, then cells are automatically
detected and selected for measurement. The developed device automatically adjusted the vacuum in a syringe
connected to a micropipette with 70 micron opening, positioned the micropipette above the targeted cell

and opened the fluidic valve. Adhesion characteristics of cells were evaluated by calculating the ratio of still
adhering cells after the application of subsequent suction force steps on hundreds of cells. (B) Incident light is
coupled into the biosensor chip through the waveguide grating and penetrates into a 150 nm depth into the
sample (adhering cell) on the chip surface in the form of an evanescent field (red shadow above the waveguide
surface). Thus field is ideal to monitor the cell-substratum contact zone. Biochemical or cellular events, such

as cell adhesion change the local refractive index inside the evanescent field, resulting in a wavelength shift

of the reflected light. Due to the large spatial resolution, individual cells are clearly visible on the recorded
wavelength shift map. The wavelength shift is sensitive to nanometer scale changes in the cell adhesion contacts
(perpendicular to the sensor surface). Such tiny variations are not resolvable by traditional optical microscopy.

4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES, from Sigma-Aldrich Chemie GmbH, Munich,
Germany) at pH 7.4. One day before measurement, 5x5 mm? squares of the microwell in the Petri dish was
coated with 100 pg/ml PLL-g-PEG-RGD at room temperature for 30 min. After that, PLL-g-PEG-RGD solu-
tion was removed from the well, and washed with 10 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
(HEPES) buffer 3 times. Then HeLa Fucci cells were removed from tissue culture dishes using trypsin-EDTA
solution (Gibco, 25,300), and were seeded at 500 cells per well in 20 ul complete culture medium into the coated
microwell and incubated overnight in a humidified incubator. Just before the sorting, the PDMS insert was re-
moved from the Petri dish, and the whole of the Petri dish was flooded with cell culture medium.

Preparation of PDMS microwells. We molded 4-well inserts with four 5 x 5 mm? wells from polydimethylsilox-
ane (PDMS, Dow Corning Sylgard 184)*”. We attached the PDMS inserts with a height of 1 mm onto the bottom
of a hydrophilic 35 mm Petri dish (Greiner Bio-One).

Computer-controlled micropipette. Computer-controlled micropipette (CellSorter)*®* was used to
measure the adhesion of single cells on a microscope®>® First, we inserted a glass micropipette with an inner
diameter (ID) of 70 um into the micropipette holder’” and filled it with deionized water. Then the LD. 1 mm
PTFE tubes® were also filled with deionized water.

Image scanning.  Cells in a Petri dish were placed onto a sample holder insert (CellSorter) fitting into the 2D
motorized stage (Scan IM 120 x 100 motorized stage, Marzhiuser) of the inverted fluorescent microscope (Zeiss
Axio Observer Al). We scanned the ROI by capturing a mosaic image covering the whole or a part of the
5x5 mm? square in phase contrast and fluorescent modes. We used the micropipette head with rings of LED-s
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Figure 2. (A) Ratio of adherent HeLa Fucci cells on PLL-g-PEG-RGD surface at different vacuum values,

as measured by the computer-controlled micropipette. * indicates significant difference between the ratio of
different cell phases. (B) Phase contrast image of a small area of the Petri dish. The shortest path along all cells
selected for measurement was calculated by the CellSorter software and projected onto the image in yellow. (C)
Expression of the Fucci fluorescent marker set along the cell cycle. The red reporter is attached to the CDT1
protein, expressed early in the cell cycle, while the green reporter is attached to Geminin protein, which is
expressed later in the cell cycle. Both reporters are expressed for a short time resulting in yellow color. Neither
proteins are expressed during mitosis, making the cells invisible (colorless) in fluorescent images. Scale bar
represents 100 um. (D) Correlation between the cell color and the average cell area measured. Bar chart results
are from 4 different micropipette experiments, where n=88 for red cells, n=90 for green cells, n=95 for yellow
cells and n=32 for colorless cells. * indicates significant difference between the areas of cells of different colors.

arranged concentrically to the micropipette for high quality phase contrast illumination of the sample™. Phase
contrast images of the culture were captured by a digital camera (Andor Zyla sCMOS).

Cell detection. Cells imaged in a phase contrast mode were automatically detected by the CellSorter software.
The detection parameters (including sensitivity, cell brightness range and cell size) were manually tuned to opti-
mize cell selection. To avoid picking up cells very close to each other we excluded cells when having neighbors
in the 50-100 pm proximity. The shortest path of the micropipette visiting all cells was also determined by a
travelling salesman algorithm (Fig. 2B). After cell detection, vertical position of the micropipette was precisely
calibrated, using a motorized micromanipulator (Micromanipulator SM325, Mirzhiuser). Height of the micro-
pipette above the Petri dish was adjusted to 10 um with ~ 1 pm positioning accuracy.

Vacuum in the range of [0, 22] kPa was generated in the syringe using a syringe pump. After positioning
the micropipette above a cell, the valve was opened for 20 ms. (Pick up parameters: Valvel: 20 ms, Valve2: 0 ms,
Delay: 0 ms). After each cycle of the adhesion force measurement, the ROI of the Petri dish was scanned again,
and the vacuum was increased to the next level. Subsequently each detected cell was probed again by the micro-
pipette. Suction force was increased until most of the cells were removed.

Ratio of adherent cells. 'The software determined the coordinates of the cells by computer vision and saved
them before and after each cycle of the adhesion force measurement. The cell coordinates before and after the
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cycles were compared to calculate the ratio of still adherent cells to the cell number placed onto the surface at
the beginning of the experiment.

Determination of the threshold fluorescence of cells. Expression level of the two fluorescent reporter proteins
changes continuously throughout the cell cycle. To define the four categories for the four states of red/yellow/
green/colorless cells, a threshold fluorescence intensity value must be determined in both channels. We meas-
ured the corrected total cell fluorescence (CTCEF) of cells that were slightly above our human visual detection
threshold with Image]®. (CTCF = Integrated pixel brightness of the cell - Area of selected cell X Mean bright-
ness of the background of selected cell.) Then we normalized the CTCF value by the cell area. We found that
the threshold value of CTCF/(cell area) was 4.28 +0.42 in case of green cells and 5.37+0.42 in case of red cells,
respectively. The employed threshold CTCF/cell area value was 4.3 and 5.4 in the green and red channels, respec-
tively.

Determination of the cell areas. Cell width (a) and height (b) on images were measured with the Image]
software®. Cell area (A) was calculated for n=87 red cells, n =90 green cells, n=91 yellow cells, n=40 colorless
cells from these parameters by approximating cell shape as an ellipse:

b
Azg*i*ﬂ (1)

Single cell adhesion strength measurement with high spatial resolution resonant waveguide
grating optical biosensor (Single-Cell RWG). The Epic Cardio RWG imager biosensor*! (Corning Inc.,
Corning, NY, USA) was used in our experiments which accepts 384-well Society for Biomolecular Screening
(SBS) standard format biosensor microplates. The plate is illuminated from below and the light is coupled into
the thin high refractive index (RI) waveguide layer*!. The light propagation happens here through a series of
total internal reflections in the form of a waveguide mode (illustrated as the red shadow in Fig. 1B.) The sensing
principle is based on a phase shift that occurs during total internal reflection events, which is dependent on the
refractive index of the close vicinity of the surface of the waveguide. Here, changes in the local refractive index
are monitored by an optical evanescent field penetrating into the adhering cells to a depth of around 150 nm. A
dedicated optics with a complementary metal-oxide semiconductor (CMOS) camera is used to detect the out-
coupled light and its WS map (see Fig. 1B). The camera used provides a final biosensor image spatial resolution
of 25 um and a sampling time of 3 s. Note, dead cells are excluded from the analysis, their signal is negligible in
waveguide sensing®.

Cell preparation. A standard, 384-well biosensor microplate was coated with the synthetic polymer PLL-g-
PEG-RGD solution as detailed in the former ‘Cell preparation’ section. After the wells were filled up with the
solution, the microplate was centrifuged (Allegra X-30R, Beckman Coulter) at 300xg for 10 s to sink the solu-
tion to the bottom of the wells, and then the microplate was swayed for 30 min to achieve an equal distribution
of the coating solution. After that, the solution was removed, the wells were washed with 10 mM HEPES buffer
3 times. HeLa Fucci cells were detached from tissue culture dishes using trypsin-EDTA solution and then the
cancer cells in four different concentrations (300, 200, 100, and 50 cells per well) were pipetted into the custom
well containing the array of 2x2 mm optical sensors. Cells were incubated in the Epic microplate overnight at
37 °C and 5% CO, atmosphere.

Biosensor measurement. Following the overnight incubation, the microplate was placed into the high-resolu-
tion RWG imager and the wavelength shift map of the adhered individual cells was measured for ~ 10 min at
room temperature.

Cell detection using microscopy. ~After biosensor measurements, the biosensor microplate was removed from
the RWG imager and inserted into a fluorescent microscope (Zeiss Axio Observer Z1). We captured phase con-
trast and fluorescent mosaic images by a digital camera (Blackfly S, Flir). Fluorescent and phase contrast images
were combined in Image]J software® to represent the fluorescent characteristics of the cells, that is, their phase in
the cell cycle, based on the color of their nucleus.

Statistical analysis.  Student’s t-test (unpaired, two-tailed, unequal variance) or two-way ANOVA/Turkey’s mul-
tiple comparison test was used to determine significant differences between our results. Statistical significance is
denoted on our graphs by * for P <0.05, ** for P <0.01, *** for P <0.001 and **** for P <0.0001. Bar graphs show-
case the mean of experimental data+SEM. Data were analyzed and visualized using Microsoft Excel software.
Statistical testing for significance was done by GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA).

Results

Single cell adhesion strength measurement with computer-controlled micropipette. Determi-
nation of cell color (cell phase) during the cell cycle, based on microscope images. Fluorescent and phase contrast
images of the ROI were captured by the CellSorter software which automatically recognized the cells in the
images and calculated their coordinates. Comparison of cell coordinates in multiple channels allowed the char-
acterization of cells into four groups: ‘red cells’: cells that appeared only in images captured in the red fluorescent
channel due to the presence of the red fluorescent marker; ‘yellow cells’: cells that appeared in both fluorescent
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Figure 3. (A) Cell adhesion strength of HeLa Fucci cells on PLL-g-PEG-RGD surface as a function of cell color
and morphology measured with the computer-controlled micropipette. Aggregated cell adhesion data shown

in Fig. 2A were separated on the basis of cell morphology. As expected, round cells showed a lower affinity to
adhere to the surface than flat cells did, regardless of cell color. (Flattened colorless cells were very rare, thus we
could not collect enough data to obtain their adhesion curve.) (B) Determination of the average cell area as a
function of cell color and cell morphology. All charts show results from 4 different micropipette experiments,
and n=31 flattened red cells, n=57 rounded red cells, n =56 flattened green cells, n=34 rounded green cells,
n=>57 flattened yellow cells, n =38 rounded yellow cells, n=32 rounded colorless cells. (C) Cells were divided
into eight groups based on their color and morphology. From top to bottom: rounded red cell, flattened red cell,
rounded green cell, flattened green cell, rounded yellow cell, flattened yellow cell, rounded colorless cell. Scale
bars represent 10 pm.

channels due to the presence of both red and green fluorescent markers, ‘green cells’: cells appeared only in the
green fluorescent channel, and ‘colorless cells: cells that did not appear in any fluorescent channel. Fluorescent
and phase contrast images were combined to provide a visual representation of the cells we investigated.

Adhesion characteristics of HeLa Fucci cells. 'We found that red, yellow, and green cells showed similar adhe-
sion characteristics, while we observed a significantly lower resistance against the hydrodynamic lifting force
in the case of colorless cells, measured with the micropipette (Fig. 2A). Besides color, cells were further catego-
rized into two groups based on morphology. We classified rounded cells with no visible protrusions into the
‘rounded’ category, while spread out cells with protrusions were classified into the flattened’ category (Fig. 3C).
We observed that flattened cells adhered significantly stronger to the coated surface during the three smallest
vacuum value than rounded cells did (rounded cells: 0.74 +0.05, flattened cells: 0.98 +0.01* at 7.07 kPa; rounded
cells: 0.70 £0.05, flattened cells: 0.96+0.01** at 11.26 kPa; rounded cells: 0.63 +0.08, flattened cells: 0.92 £0.02*
at 15.09 kPa). Cell adhesion as a function of cell color and morphology was summarized to examine the cor-
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relations. As expected, rounded cells showed a lower adhesion strength than flattened cells did, regardless of cell
color (Fig. 3A).

Determination of the cell area. 'We found that green cells had the largest, and colorless cells had the smallest cell
area (Fig. 2D), which correlates with the adhesion strength in Fig. 2A.

We examined the cell area as a function of cell morphology and we found that flattened cells had a much
larger area than rounded cells (Fig. 3B).

Single-cell adhesion force measurement with the high spatial resolution RWG biosen-
sor. Optical biosensors were previously successfully applied in real-time monitoring of eukaryotic cell
adhesion as presented earlier’’. As the instrument’s sensing volume overlaps with the adhered cell’s adhesion
zone it inherently captures cell mass redistributions related to adhesion molecule binding and/or cytoskeletal
reorganization®. It is important to note, the recorded wavelength shift is sensitive to nanometer scale changes
in the cell adhesion contacts (perpendicular to the sensor chip surface), to such tiny variations which are not
resolvable by traditional microscopy.

Identification of cells on the biosensor microplate. Phase contrast and fluorescent images of the microplate wells
were overlaid with Image]J (Fig. 4A top row) to determine the color of cells and be categorized into the groups
specified in the ‘Determination of cell color (cell phase) in the cell cycle, based on the microscopic images’ section.
After that, the biosensor image (wavelength shift map) of the microplate wells was projected onto the overlaid
phase contrast and fluorescent images to allow easy assignment of biosensor signal to an actual cell and its color
(phase in the cell cycle) (Fig. 4A bottom row). Moreover, the image created this way aided to select cells suitable
for evaluation, i. e. cells of healthy morphology that had no neighbors in their close vicinity. Exception from this
criterion were the cells in M-phase (colorless cells), that were usually found in pairs close to each other after
division.

Biosensor signal processing and cell color. Adherent single HeLa Fucci cells show a distinct WS peak signal
emerging from the background on the 2-dimensional wavelength shift map (Fig. 4B). Our previous studies
showed a linear relationship between the surface integral of WS (IWS) and standard biophysical measures such
as single cell detachment force and energy*!, thus besides raw WS values, we calculated this variable for each
time step as well (Fig. 4C). Since typical cell size was larger or in the range of the spatial resolution of the instru-
ment, IWS was defined as the product of maximal WS pixel value corresponding to a given cell and the cell area
measured on the microscopic images. As shown in Fig. 4 raw WS data—and the derived IWS—could be consid-
ered stationary on the timescale of measurement, thus it gives a good basis for comparison of adhesion states.

After identification of the cells on the biosensor (Fig. 4A), wavelength signals were categorized into the 4
groups provided by cell color. n=11 single green cells, n=7 single red cells, n =8 single colorless and n=11 single
yellow cells for determination of WS and IWS were identified on the overlaid biosensor and microscopic image.
The comparison of the identified subpopulations is shown in Fig. 4E. We found that colorless cells had signifi-
cantly lower IWS signals — corresponding to lower overall adhesion force and energy values than yellow and green
cells, and no significant difference could be found between the IWS values of red and colorless cells. (Fig. 4E).

In order to better use the unique capabilities of the biosensor, we also analyzed the single pixel values of the
recorded data. The maximal WS pixel values corresponding to the individual cells were recorded for a relatively
large population of cells in all color states, and the population distribution of the signals were analyzed. It is
important to note, a single pixel WS value is proportional to the cell mass per unit area inside the cell adhesion
contact zone. This quantity is defined as contact mass density or simply contact density in the present work. Of
note, 100 pm WS signal roughly corresponds to 300 pg/mm? surface mass density*. The recorded distributions
were found to be lognormal in all states (see Fig. 5A). It is revealing that WS values above 400 pm are completely
missing for the colorless population and this sub-population have a clearly less distribution mode value than
that of the colored populations (see Fig. 5A). The differences with statistical analysis are further highlighted in
Fig. 5B. These results suggest that the cell-substratum contact zone has a remarkably different composition or/
and morphology in the mitotic phase, the measured weaker overall single-cell adhesion is not simply a direct
consequence of the recorded smaller adhesion area (see Figs. 2, 4).

Discussion

We investigated and compared cell adhesion strengths throughout the cell cycle at the single-cell level using two
complementary experimental methods: computer-controlled micropipette and a high spatial resolution RWG
optical biosensor. Our goal was to determine how the strength of adhesion of cells to the surface (extracellular
matrix) varies during the progression of the cell cycle. To mimic the in vivo environment, we used a synthetic
polymer, PLL-g-PEG-RGD surface. As a cell cycle reporter, we used the Fucci fluorescent construct in HeLa
cells. Fucci expresses two different fluorescent reporter proteins in a time-varying quantity during the cell cycle.
Observation of the cell culture on a fluorescent microscope allowed us to categorize cells into four groups based
on their fluorescent intensity: red cells (G1 phase), yellow cells (beginning of the S phase), green cells (S/G2/M
phase), and colorless cells (transition from M to G1 phase).

The combination of optical biosensor measurements and the computer-controlled micropipette allowed us
to study the adhesion strength throughout the cell cycle in a more detailed way than ever before, particularly,
during and around cell division. The computer-controlled micropipette applied a stepwise increasing suction
force on cells to pick up the targeted cell from the RGD-coated surface. This technique probes the adhesion
strength of cells per unit area. The ratio of still adherent cells after the application of each level of suction force
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Figure 4. Comprehensive representation of the biosensor data. (A) Top row: Phase contrast and fluorescent
composite images of typical red, yellow, green, and colorless cells (respectively). Scale bar represents 25 pm.

Bottom row: Composite images of the respective top row cells overlayed from the biosensor wavelength shift
map and the phase contrast image at t=10 min. (B) Near-stationary time dependence of maximal biosensor

pixel values (WS) for representative cells depicted in Fig. 4A. (C) Schematic representation of the robotic

fluidic force microscopy (FluidFM BOT) measurement process. A special hollow FluidEM cantilever capable of
whole cell force-spectroscopy was used to calibrate biosensor signals for adhesion force and energy conversion

as described in*!. (D) Time-dependence of IWS and deduced force/energy signals of single cells in different
phases of the cell cycle. (E) Correlation between cell color and IWS, adhesion energy, and adhesion strength. A
significant difference was found between colorless cells with respect to green and yellow cells. Graphs show the
average of n="7 red cells, n=11 green cells, n=8 colorless cells, and n=11 yellow cells + SEM.
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Figure 5. Biosensor data of the recorded single-cell signals at a single pixel underneath of each cell. (A) The
local biosensor signals of individual cells (maximal WS pixel value corresponding to a given cell) followed a
lognormal distribution (solid line) in all cell-cycle states. (B) Normalized data showed significant differences
between the various phases in a decreasing order of red, green, and yellow cells, with a distinctly less signal for
the colorless cells. Mean + SEM is shown. (n=325 red cells, n=197 green cells, n=30 colorless cells, and n=102
yellow cells).

revealed that colorless cells needed a much lower hydrodynamic lifting force to be picked up from the surface
than the colored cells did. No significant difference could be found between the adhesion strength of red, yellow,
and green cells. Label-free biosensor measurements confirmed the weaker adhesion of colorless cells showing
a much lower biosensor signal. Comparison of red, yellow, and green cells revealed no significant difference in
the sensor signal. Maximum wavelength shift represents the averaged adhesion strength over a physical pixel
(25 x 25 microns) of the imager biosensor. Since the computer-controlled micropipette data is in connection with
the surface averaged adhesion strength over the area of a given cell, the results of the two different techniques are
perfectly in line. It can be safely concluded that HeLa Fucci cells strengthen their adherence after mitosis, and
maintain their strong adhesion throughout the cell cycle, decreasing it only once the cell gets ready for division
in the late M phase. As our proposed method allows real-time monitoring of adhesion energy and force as well
via conversion of the single-cell IWS signals, we could also conclude that these measures show similar dynamics
throughout the cell cycle. Of note, we observed lower WS values and a lower adhesion strength with HeLa Fucci
cells than in our previous study with non-transfected HeLa cells*!. Our results thus are directly comparable with
other works in the literature on single-cell force spectroscopy, with the prominent advantage over them, being a
non-invasive, label-free, and real-time method. Moreover, the developed methodologies are ready to be employed
in more complex lab on a chip system for industrial applications, to test the effect of novel drug candidates on
cancer cells during their cell cycle progression.

Our observed dynamics are in agreement with the results of Panagiotakopoulou et al.** using quantum-dot-
based traction force microscopy of HeLa Fucci2 cells. They also reported significant weaker total traction force
in M and early G1 phases (colorless cells) than in late G1 throughout G2 (colored cells). They found that not
only the overall force exerted by the cells was significantly lower right after the M phase but the traction force
normalized by the area, as well. Therefore, the traction force is expected to be actively downregulated in the late
M phase. Another study by Vianay et al.*® observed a significant increase in normalized traction energy between
early G1 and the S phase in RPE1-Fucci cells. In Refs.**** they found a significant difference between yellow and
green cells but this difference did not appear in our measurements.

The main characteristic of cell cycle progression is cell growth: cell size and mass increase steadily from early
G1 to late G2%7. We found that colorless cells (late M, early G1) had the smallest area on the adhesion surface.
Red and yellow cells (G1 and beginning of S) had a larger area, and green cells (5/G2/M) were the largest.

From the measurements on adhesion strength we found that the overall adhesion strength of single cells is
constant in all phases, except the mitotic (M) phase with a significantly lower adhesion. It is important to note
that, cells adhere during the M phase in a specific, atypical way, using the so-called reticular adhesions, which
are very distinct from canonical focal adhesions®. Our results perfectly support this finding and highlight some
additional differences. By employing a high spatial resolution RWG optical biosensor we could measure the cell
mass per unit area inside the adhesion contacts during the cell cycle progression. We found that the adhesion
contact is significantly less dense during the mitotic phase, suggesting a distinct change in adhesion contact
morphology or/and composition. Therefore, our results suggest that the weaker mitotic adhesion is not simply a
direct consequence of the measured smaller contact area in the M phase.

Cell adhesion features already play an important role in various cancer treatments. Recently Kubiak et al.®’
demonstrated that treatment with microtubule-targeting antimitotic drugs, such as vinca alkaloids and taxa-
nes, can change actin cytoskeletal organization and cell mechanics, influencing drug resistance. Another study
highlighted that integrin-mediated cell adhesion can have an impact on cancer drug sensitivity’’. Moreover,
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drug-resistant cancer cells (towards MAPK inhibitors, which also affect the cell cycle) are characterized by
cytoskeletal remodeling, high myosin IT and Rho activity. Our finding suggests that cell adhesion is a promising
target of selective cancer drugs, as the vast majority of normal tissue cells do not enter the M phase. We believe
that cell adhesion may be a new tumor therapeutic target'®!” because its strength is significantly reduced at the
end of the M phase. Since this is a short period of the cell cycle, the effect of a drug can be specific to the rapidly
dividing tumor cells. Given the wide clinical use of vinca alkaloids and taxanes, currently, the microtubules rep-
resent the best target to date for cancer chemotherapy®. However, several clinical trials have proved integrins to
be a promising therapeutic target to battle cancer cells, though no specific drug was found to be exceptionally
effective’!. We believe the experimental techniques used in our study and the results provided by them to be of
aid to develop novel integrin targeting drugs.

Received: 15 April 2021; Accepted: 27 August 2021
Published online: 16 September 2021

References

1. Bachir, A. I, Horwitz, A. R., Nelson, W. J. & Bianchini, J. M. Cell adhesions: Actin-based modules that mediate cell-extracellular
matrix and cell-cell interactions. Cold Spring Harb. Perspect. Biol. 9, 023234 (2017).

2. Alberts, B. et al. Molecular Biology of the Cell 5th edn, Vol. 19 (Garland Science, 2007).

3. Ley, K,, Laudanna, C., Cybulsky, M. I. & Nourshargh, S. Getting to the site of inflammation: The leukocyte adhesion cascade
updated. Nat. Rev. Immunol. 7, 678-689 (2007).

4. Albelda, S. M. Role of integrins and other cell adhesion molecules in tumor progression and metastasis. Lab. Invest. 68, 4-17 (1993).

5. Rao, C. C. G. et al. Expression of epithelial cell adhesion molecule in carcinoma cells present in blood and primary and metastatic
tumors. Int. J. Oncol. 27, 49-57 (2005).

6. Kobayashi, H., Boelte, K. C. & Lin, P. C. Endothelial cell adhesion molecules and cancer progression. Curr. Med. Chem. 14, 377-386
(2007).

7. Schwartz, M. A. Integrins and extracellular matrix in mechanotransduction. Cold Spring Harb. Perspect. Biol. 2, 2005066 (2010).

8. Ludwig, B. S., Kessler, H., Kossatz, S. & Reuning, U. Rgd-binding integrins revisited: How recently discovered functions and novel
synthetic ligands (re-)shape an ever-evolving field. Cancers 13, 1711 (2021).

9. VandeVondele, S., Voros, J. & Hubbell, J. A. RGD-grafted poly-l-lysine-graft-(polyethylene glycol) copolymers block non-specific
protein adsorption while promoting cell adhesion. Biotechnol. Bioeng. 82, 784-790 (2003).

10. Kapp, T. G. et al. A comprehensive evaluation of the activity and selectivity profile of ligands for RGD-binding integrins. Sci. Rep.
7,39805 (2017).

11. Huang, J. et al. Impact of order and disorder in RGD nanopatterns on cell adhesion. Nano Lett. 9, 1111-1116 (2009).

12. Orgovan, N. et al. Label-free profiling of cell adhesion: Determination of the dissociation constant for native cell membrane adhe-
sion receptor-ligand interaction. Label-Free Biosens. Methods Drug Discov. https://doi.org/10.1007/978-1-4939-2617-6_18 (2015).

13. Peter, B. et al. Green tea polyphenol tailors cell adhesivity of RGD displaying surfaces: Multicomponent models monitored opti-
cally. Sci. Rep. 7, 42220 (2017).

14. Szekacs, 1., Orgovan, N., Peter, B., Kovacs, B. & Horvath, R. Receptor specific adhesion assay for the quantification of integrin—
ligand interactions in intact cells using a microplate based, label-free optical biosensor. Sens. Actuators B Chem. 256, 729-734
(2018).

15. Curley, G. P,, Blum, H. & Humphries, M. . Integrin antagonists. Cell. Mol. Life Sci. 56, 427-441 (1999).

16. Alday-Parejo, B., Stupp, R. & Riiegg, C. Are integrins still practicable targets for anti-cancer therapy?. Cancers (Basel) 11, 978
(2019).

17. Ahmad, K. et al. Targeting integrins for cancer management using nanotherapeutic approaches: Recent advances and challenges.
Semin. Cancer Biol. https://doi.org/10.1016/j.semcancer.2019.08.030 (2019).

18. Jones, M. C., Askari, J. A., Humphries, J. D. & Humphries, M. J. Cell adhesion is regulated by CDK1 during the cell cycle. J. Cell
Biol. 217, 3203-3218 (2018).

19. Uhlmann, E, Bouchoux, C. & Lépez-Avilés, S. A quantitative model for cyclin-dependent kinase control of the cell cycle: Revisited.
Philos. Trans. R. Soc. B Biol. Sci. 366, 3572-3583 (2011).

20. Li, C.J, Li, Y., Pinto, A. V. & Pardee, A. B. Potent inhibition of tumor survival in vivo by 8-lapachone plus taxol: Combining drugs
imposes different artificial checkpoints. Proc. Natl. Acad. Sci. 96, 13369-13374 (1999).

21. Bates, D. & Eastman, A. Microtubule destabilising agents: Far more than just antimitotic anticancer drugs. Br J. Clin. Pharmacol.
83, 255-268. https://doi.org/10.1111/bcp.13126 (2017).

22. Zhou, J. & Giannakakou, P. Targeting microtubules for cancer chemotherapy. Curr Med Chem Anti-Cancer Agents 55, 65-71 (2005).

23. Spencer, C. M. D. E. Paclitaxel. Drugs 48, 794-847 (1994).

24. Javeed, A. et al. Paclitaxel and immune system. Eur. J. Pharm. Sci. 38, 283-290 (2009).

25. Schulze, A. et al. Anchorage-dependent transcription of the cyclin A gene. Mol. Cell. Biol. 16, 4632-4638 (1996).

26. Park, J. H., Arakawa-Takeuchi, S., Jinno, S. & Okayama, H. Rho-associated kinase connects a cell cycle-controlling anchorage
signal to the mammalian target of rapamycin pathway. J. Biol. Chem. 286, 23132-23141 (2011).

27. Lesman, A., Notbohm, ], Tirrell, D. A. & Ravichandran, G. Contractile forces regulate cell division in three-dimensional environ-
ments. J. Cell Biol. 205, 155-162 (2014).

28. Dao, V. T, Dupuy, A. G., Gavet, O., Caron, E. & de Gunzburg, ]. Dynamic changes in Rap1 activity are required for cell retraction
and spreading during mitosis. J. Cell Sci. 122, 2996-3004 (2009).

29. Mathew, S. S. et al. Integrins promote cytokinesis through the RSK signaling axis. J. Cell Sci. 127, 534-545 (2014).

30. Vianay, B. et al. Variation in traction forces during cell cycle progression. Biol. Cell 110, 91-96 (2018).

31. Tan,]. L. et al. Cells lying on a bed of microneedles: An approach to isolate mechanical force. Proc. Natl. Acad. Sci. U. S. A. 100,
1484-1489 (2003).

32. Du Roure, O. et al. Force mapping in epithelial cell migration. Proc. Natl. Acad. Sci. U. S. A. 102, 2390-2395 (2005).

33. Weder, G. et al. Measuring cell adhesion forces during the cell cycle by force spectroscopy. Biointerphases 4, 27-34 (2009).

34. Panagiotakopoulou, M. et al. Cell cycle-dependent force transmission in cancer cells. Mol. Biol. Cell 29, 2528-2539 (2018).

35. Ledvina, V., Klepérnik, K., Legartova, S. & Bartova, E. A device for investigation of natural cell mobility and deformability. Elec-
trophoresis 41, 1238-1244 (2020).

36. Ungai-Salanki, R. et al. A practical review on the measurement tools for cellular adhesion force. Adv. Colloid Interface Sci. 269,
309-333 (2019).

37. Horvath, R., Pedersen, H. C., Skivesen, N., Selmeczi, D. & Larsen, N. B. Monitoring of living cell attachment and spreading using
reverse symmetry waveguide sensing. Appl. Phys. Lett. 86, 1-3 (2005).

38. Orgovan, N. et al. Dependence of cancer cell adhesion kinetics on integrin ligand surface density measured by a high-throughput
label-free resonant waveguide grating biosensor. Sci. Rep. 4, 4034 (2014).

Scientific Reports |

(2021) 11:18500 | https://doi.org/10.1038/s41598-021-97734-1 nature portfolio


https://doi.org/10.1007/978-1-4939-2617-6_18
https://doi.org/10.1016/j.semcancer.2019.08.030
https://doi.org/10.1111/bcp.13126

www.nature.com/scientificreports/

39. Peter, B. et al. High-resolution adhesion kinetics of EGCG-exposed tumor cells on biomimetic interfaces: comparative monitoring
of cell viability using label-free biosensor and classic end-point assays. ACS Omega 3, 3882-3891 (2018).

40. Ganesh, N, Block, I. D. & Cunningham, B. T. Near ultraviolet-wavelength photonic-crystal biosensor with enhanced surface-to-
bulk sensitivity ratio. Appl. Phys. Lett. 89, 8-10 (2006).

41. Sztilkovics, M. et al. Single-cell adhesion force kinetics of cell populations from combined label-free optical biosensor and robotic
fluidic force microscopy. Sci. Rep. 10, 1-13 (2020).

42. Ferrie, A. M., Deichmann, O. D., Wu, Q. & Fang, Y. High resolution resonant waveguide grating imager for cell cluster analysis
under physiological condition. Appl. Phys. Lett. 100, 223701 (2012).

43. Kanyo, N. et al. Glycocalyx regulates the strength and kinetics of cancer cell adhesion revealed by biophysical models based on
high resolution label-free optical data. Sci. Rep. 10, 1-20 (2020).

44. Szekacs, I et al. Integrin targeting of glyphosate and its cell adhesion modulation effects on osteoblastic MC3T3-E1 cells revealed
by label-free optical biosensing. Sci. Rep. 8, 17401 (2018).

45. Orgovan, N. et al. Bulk and surface sensitivity of a resonant waveguide grating imager. Appl. Phys. Lett. 104, 083506 (2014).

46. Gerecsei, T. et al. Dissociation constant of integrin-RGD binding in live cells from automated micropipette and label-free optical
data. Biosensors 11, 32 (2021).

47. Helenius, J., Heisenberg, C.-P., Gaub, H. E. & Muller, D. J. Single-cell force spectroscopy. J. Cell Sci. 121, 1785-1791 (2008).

48. Shao, J.-Y,, Xu, G. & Guo, P. Quantifying cell-adhesion strength with micropipette manipulation: Principle and application. Front.
Biosci. 9,2183-2191 (2004).

49. Hochmuth, R. M. Micropipette aspiration of living cells. J. Biomech. 33, 15-22 (2000).

50. Sandor, N. et al. CD11¢/CD18 dominates adhesion of human monocytes, macrophages and dendritic cells over CD11b/CD18.
PLoS ONE 11, €0163120 (2016).

51. Jani, P. K. et al. Complement MASP-1 enhances adhesion between endothelial cells and neutrophils by up-regulating E-selectin
expression. Mol. Immunol. 75, 38-47 (2016).

52. Saldnki, R. et al. Single cell adhesion assay using computer controlled micropipette. PLoS ONE 9, 111450 (2014).

53. Gerecsei, T. et al. Adhesion force measurements on functionalized microbeads: An in-depth comparison of computer controlled
micropipette and fluidic force microscopy. J. Colloid Interface Sci. 555, 245-253 (2019).

54. Haftbaradaran Esfahani, P. et al. Cell shape determines gene expression: Cardiomyocyte morphotypic transcriptomes. Basic Res.
Cardiol. 115, 1-15 (2020).

55. Ngara, M. et al. Exploring parasite heterogeneity using single-cell RNA-seq reveals a gene signature among sexual stage Plasmodium
falciparum parasites. Exp. Cell Res. 371, 130-138 (2018).

56. Kozlov, A. et al. A screening of UNF targets identifies Rnb, a novel regulator of drosophila circadian rhythms. J. Neurosci. 37,
66736685 (2017).

57. Francz, B., Ungai-Salanki, R., Sautner, E., Horvath, R. & Szabé, B. Subnanoliter precision piezo pipette for single-cell isolation and
droplet printing. Microfluid. Nanofluid. 24, 1-10 (2020).

58. Kornyei, Z. et al. Cell sorting in a Petri dish controlled by computer vision. Sci. Rep. 3, 1088 (2013).

59. Saldnki, R. et al. Automated single cell sorting and deposition in submicroliter drops. Appl. Phy. Lett. 105, 083703 (2014).

60. Ungai-Salanki, R. ef al. Nanonewton scale adhesion force measurements on biotinylated microbeads with a robotic micropipette.
J. Colloid Interface Sci. 602, 291-299 (2021).

61. Sakaue-Sawano, A. et al. Visualizing spatiotemporal dynamics of multicellular cell-cycle progression. Cell 132, 487-498 (2008).

62. Honda-Uezono, A. et al. Unusual expression of red fluorescence at M phase induced by anti-microtubule agents in HeLa cells
expressing the fluorescent ubiquitination-based cell cycle indicator (Fucci). Biochem. Biophys. Res. Commun. 428, 224-229 (2012).

63. Fang, Y., Ferrie, A. M., Fontaine, N. H., Mauro, ]. & Balakrishnan, J. Resonant waveguide grating biosensor for living cell sensing.
Biophys. J. 91, 1925-1940 (2006).

64. https://theolb.readthedocs.io/en/latest/imaging/measuring-cell-fluorescence-using-imagej.html.

65. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to Image]: 25 years of image analysis. Nat. Methods 9, 671-675 (2012).

66. Ramsden, J. . & Horvath, R. Optical biosensors for cell adhesion. J. Recept. Signal Transduct. 29, 211-223 (2009).

67. Varsano, G., Wang, Y. & Wu, M. Probing mammalian cell size homeostasis by channel-assisted cell reshaping. Cell Rep. 20, 397-410
(2017).

68. Lock, J. G. et al. Reticular adhesions are a distinct class of cell-matrix adhesions that mediate attachment during mitosis. Nat. Cell
Biol. 20, 1290-1302 (2018).

69. Kubiak, A. et al. Stiffening of DU145 prostate cancer cells driven by actin filaments-microtubule crosstalk conferring resistance
to microtubule-targeting drugs. Nanoscale 13, 6212-6226 (2021).

70. Young, J. L. et al. Integrin subtypes and nanoscale ligand presentation influence drug sensitivity in cancer cells. Nano Lett. 20,
1183-1191 (2020).

71. Su, C.Y. et al. The biological functions and clinical applications of integrins in cancers. Front. Pharmacol. 11, 1435 (2020).

Acknowledgements

This work was supported by the National Research, Development and Innovation Office (Grant Numbers: PD
124559 for R. U. S., ERC_HU, KH_17, PD 131543 and KKP_19 Programs for R. H.), the Hungarian Academy
of Sciences [Lendiilet (Momentum) Program] for R. H. We thank RIKEN BRC (Japan) for providing the cells.

Author contributions

B.S. and R.H. supervised the present work concerning micropipette and biosensor measurements, respectively.
R.U.-S.,E.H,, T.G. and B.E performed the experiments and analyzed the micropipette data with the help of L.S.,
B.S. and R.H. B.B. and M.S. analyzed single-cell biosensor data. All worked on the manuscript text and figures.

Competing interests
B.S. is a founder of CellSorter Company that developed the computer-controlled-micropipette device we used
in our experiments.

Additional information
Correspondence and requests for materials should be addressed to B.S. or R.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:18500 | https://doi.org/10.1038/s41598-021-97734-1 nature portfolio


https://theolb.readthedocs.io/en/latest/imaging/measuring-cell-fluorescence-using-imagej.html
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:18500 | https://doi.org/10.1038/s41598-021-97734-1 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Single-cell adhesion strength and contact density drops in the M phase of cancer cells
	Materials and methods
	Cell culture for adhesion force measurement. 
	Single cell adhesion force measurement with computer-controlled micropipette. 
	Cell preparation. 
	Preparation of PDMS microwells. 

	Computer-controlled micropipette. 
	Image scanning. 
	Cell detection. 
	Ratio of adherent cells. 
	Determination of the threshold fluorescence of cells. 
	Determination of the cell areas. 

	Single cell adhesion strength measurement with high spatial resolution resonant waveguide grating optical biosensor (Single-Cell RWG). 
	Cell preparation. 
	Biosensor measurement. 
	Cell detection using microscopy. 
	Statistical analysis. 


	Results
	Single cell adhesion strength measurement with computer-controlled micropipette. 
	Determination of cell color (cell phase) during the cell cycle, based on microscope images. 
	Adhesion characteristics of HeLa Fucci cells. 
	Determination of the cell area. 

	Single-cell adhesion force measurement with the high spatial resolution RWG biosensor. 
	Identification of cells on the biosensor microplate. 
	Biosensor signal processing and cell color. 


	Discussion
	References
	Acknowledgements


