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Abstract 

The nanofluidic force microscope (FluidFM) extends the traditional atomic force microscope 

(AFM), consisting of an embedded nanofluidic channel in the unique microfabricated silicon-nitride 

cantilever connected to a fluid reservoir regulated by a pressure control system. This setup allows the 

injection or extraction of fluids in a femtoliter scale, enabling microprinting in 2D and 3D, manipulating 

colloids and single-cells, and many other interesting applications. The robotized version of the FluidFM 

can perform high-throughput measurements. Therefore, the determination of force-spectroscopy 

parameter distribution of cell populations is accessible. Single-cell force-spectroscopy (SCFS) records 

the detachment process of living cells from substrates of our choice, which investigations contribute to 

a better understanding of the mechanobiological capabilities playing a significant role in cell-surface 

and cell-cell interactions, with a particular focus shown in the thesis on cancer cell behavior and their 

relationship to epithelial monolayers. 

However, the unique architecture of the FluidFM cantilevers requires different calibration 

approaches compared to traditional AFM SCFS measurements, so the calibration procedure must be 

refined before addressing important biological questions. Fundamental components, the inverse optical 

lever sensitivity (InvOLS) and the spring constant (k) must be calibrated properly to calculate the force 

exhibited by cells. Based on Hooke’s law, the InvOLS and k directly scale the voltage values obtained 

from the photodetector of the FluidFM. The FluidFM cantilever has shown phasic oscillations during 

the calibration of the InvOLS and k, for which the special inner architecture, consisting of a parallel row 

of pillars supporting the internal microfluidic channel, is responsible. I have determined the ideal laser 

spot positions for calibrating the above parameters to reduce errors while calculating the force values. 

To optimize data evaluation I have developed a custom software, which provides fast and concise data 

processing. 

After fixing calibration and evaluation issues, the focus was to study large cell populations. The 

investigations involved three in vitro cell cultures, which were applied to determine population 

specificity of adherence. The epithelial Vero strain creates a confluent monolayer, ideal to investigate 

intercellular adhesion, so based on FluidFM SCFS and holographic imaging results I have calculated 

the force and energy contribution per unit area of cell-cell adhesion and also the strength relation of 

cancer cell invasiveness. I have created a method which enables the observation and the measurement 

of HeLa cancer cell invasion into confluent epithelial monolayers with FluidFM and phase holographic 

imaging in a high-throughput and label-free manner. The basic and area normalized SCFS parameters 

of different levels of cellular organizations and cell strains were also compared foremost. Furthermore, 

cell-cycle dependent adhesion and population distributions were also recorded, which emphasizes the 

lognormal distribution feature of cell adhesion and the role of reticular adhesions in the M-phase of a 

cell.  
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Kivonat 

A nanofluidikai atomerő-mikroszkóp (FluidFM) a hagyományos atomerő-mikroszkóp (AFM) 

kiterjesztése, amely speciális mikrotechnológiai eljárással előállított szilícium-nitrid konzolba 

beágyazott nanofluidikai csatorna segítségével képes folyadékmanipulációra. A folyadékok célzott 

mozgatását a nyomásszabályozó rendszer végzi, amely egy folyadéktartályhoz kapcsolódik. Ez az 

elrendezés lehetővé teszi a folyadékok femtoliteres mértékű kifecskendezését vagy felszívását, így a 

2D-s és 3D-s mikronyomtatás, a kolloidok és sejtek manipulálása és sok más újszerű alkalmazás 

kivitelezése is lehetségessé vált. A FluidFM robotizált változata nagy áteresztőképességű mérések 

elvégzésére is alkalmas, így a sejtpopulációk erőspektroszkópiai paramétereloszlásának meghatározása 

is elérhető. Az egy-sejtes erőspektroszkópia (SCFS) rögzíti az élő sejtek leválási folyamatát az általunk 

választott felületekről, amely vizsgálatok hozzájárulnak a sejt-felület és sejt-sejt kölcsönhatásokban 

főszerepet játszó mechanobiológiai képességek jobb megértéséhez. Disszertációmban különös 

figyelmet fordítok a rákos sejtek viselkedésére és az epiteliális monorétegekkel való kapcsolatukra, és 

az őket jellemző adhéziós képességükre. 

A FluidFM-konzolok egyedi architektúrája azonban a hagyományos AFM-alapú SCFS-

mérésekhez képest eltérő kalibrálási megközelítést igényel, ezért a kalibrálási eljárást finomítani kell, 

mielőtt biológiai kérdéseket kezelnénk. Alapvető komponensek, az inverz optikai érzékenységet 

(InvOLS) és a rugóállandót (k) megfelelően kell kalibrálni a sejtek által kifejtett erők kiszámítása 

érdekében. A Hooke-törvény értelmében az InvOLS és a k közvetlenül skálázzák a FluidFM 

fotodetektorából kapott feszültségértékeket. A FluidFM-konzol az InvOLS és a k kalibrálása során 

fázisos oszcillációkat mutatott ki, amely a belső mikrofluidikai csatornát támasztó párhuzamos 

oszlopsorból ered. Meghatároztam az ideális lézerfolt pozíciókat a fenti paraméterek kalibrálásához, 

hogy csökkentsem az erőértékek számításánál felmerülő szórásából eredő hibákat. Az adatok 

kiértékelésének optimalizálására szoftvert fejlesztettem, amely gyors adatfeldolgozást tesz lehetővé. 

A kalibrációs és értékelési problémák megoldása után a fókusz a nagy sejtpopulációk 

tanulmányozása volt. A vizsgálatok három in vitro sejttenyészetet vontak be, amelyeket a populáció 

függő adhézió meghatározására alkalmaztunk. Az epiteliális Vero tenyészet konfluens monoréteget hoz 

létre, amely ideális az intercelluláris adhézió vizsgálatára, ezért a FluidFM SCFS és a holografikus 

képalkotás eredményei alapján kiszámítottam a sejt-sejt adhézió egységnyi területére eső erő- és 

energia-hozzájárulást, valamint a rákos sejtek invazivitásának erősségi összefüggéseit. Létrehoztam egy 

módszert, amely lehetővé teszi a HeLa rákos sejtek konfluens epiteliális monorétegekbe való 

behatolásának megfigyelését és mérését FluidFM és fázis holografikus képalkotás segítségével nagy-

áteresztőképességű és jelölésmentes módon. Elsőként hasonlítottam össze a különböző sejtszerveződési 

szinteket, és sejttörzsek alapvető és területre normalizált SCFS paramétereit. Továbbá HeLa Fucci 

sejtek sejtciklusfüggő adhézióját és populáció-eloszlását is rögzítettem, ami kiemeli a sejtadhézió 

lognormális eloszlását és a retikuláris („hálószerű”) adhéziós kapcsolatok szerepét a sejt M-fázisa alatt.  
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1. Introduction 

In the human body, cellular heterogeneity is the key to our complex being. A human soul, mind, 

and body are created by the ovum’s fusion with a sperm cell, forming a zygote. Upon the development 

of blastomeres into a blastocyst, the implantation is the first enactment of a human with the maternal 

body, which results in the embodiment of the blastocyst, thus forming an embryo. The embryo then 

proceeds with the genetic program and creates a newborn, who is then following the steps of the 

ancestors, developing further, and growing older, and becomes part of humanity and society. 

For the development of a human being and its connection to the outside world, fundamental 

adherences are crucial. However, I will examine the biological and not the psychological or other types 

of relationships formed in this perspective. So, from a biological standpoint, the adhesion of cells is the 

most basic form of interaction between two adjacent cells that cooperate (or not) to develop tissues, 

maintain functionality, and protect the body from external irritants. A fine example of non-cooperative 

cells are cancer cells, which tend to become overgrowing and invade distant tissues or organs to 

facilitate an individual genetic program that does not comply with the internal regulation of the currently 

explored human body. In this context, cancer is malicious, and studying its purpose is mandatory by 

observing adhesive relationships between healthy and cancerous cells. Cancer development can be 

described by stages incorporating transformation, growth into primary tumors, detachment, invasion, 

intravasation, and then extravasation from the circulation, distribution, and then forming secondary 

tumors. The whole process, among many others, is mediated by the adhesion of the cells. The epithelial 

cells lining the cavities of the body are part of the cancer invasion process since they act as a barrier 

between infected tissues and the system. Epithelial cells are strongly interconnected, forming 

intercellular connections, which involve many protein complexes binding cells to one another and even 

allowing communication in the form of tension or transport of ions and substances. Healthy intercellular 

connections are present in all types of tissues and cells, and they are of significant importance, besides 

focal adhesions. The extracellular matrix surrounding cell structures and tissues create the basis for 

supporting and development mechanisms, during which the cells can express changes in their motility 

and morphology. Focal adhesions are strong receptor-ligand connections that regulate and are regulated 

by numerous factors, including the function and homeostatic state of a cell, external cues, and 

interconnectivity to other cells.  

As it can be seen, investigation of cell adhesion is of high importance to study e.g., developmental 

and cancer-related effects. For this purpose many instruments have been developed, which are based 

on the detection and change of certain physical values. To investigate cellular mechanics, observation 

methods involve light, electricity, fluid manipulation, and microscopy-based techniques. These tools 

can sense the alterations of changes in adherence with high precision. They are called biosensors, which 

can exclude the external involvement of chemicals to study these effects, and therefore they are called 

label-free. The label-free biosensors can then be extended with multiple investigative wells or a 
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robotized feature to enable high-throughput measurements. So, the instrumentation is crucial in 

determining the exact features of cell adhesion. As an optical example, optical waveguide ligthmode 

spectroscopy (OWLS) or holographic imaging are well-established methods with high resolution and 

can detect changes in the micro/nano range based on the phase changes of the applied laser light. Also, 

atomic force microscopy (AFM) based investigations can determine individual molecular tensions and 

the binding force of receptor-ligand interactions. Recently, an AFM-based tool was developed, called 

the fluidic force microscope (FluidFM), allowing selective manipulation of firmly adhered cells in a 

high-throughput manner. Therefore, information on the basic adhesive properties can be gained, which 

results in the characterization of cellular behavior on various substrates and circumstances. 

Investigating cellular adhesion with AFM or FluidFM is called single-cell force-spectroscopy (SCFS), 

which yields the unique force-distance (FD) curves, delivering information on a cell's actual adhesion 

force and energy. These directly accessed parameters can then be further investigated by normalizing 

the values with exact cell sizes, and so SCFS can determine changes in the adherence by morphological 

features.  

Summarized, to better understand cellular functionality and heterogeneity, their connections must 

be measured, for which purpose, high-throughput, and label-free biosensors are a well-defined choice. 

The FluidFM instrument fulfills every criterion of adherence determination conveniently and reliably. 

By utilizing holographic imaging, many features of cellular behavior can be defined, highlighting the 

instrument's capability and potential methodologies for drug development. Here in this work, I present 

various methods and results, which incorporate a novel calibration methodology and custom-made 

software evaluation tool for FluidFM, the recording of multiple cell lines to determine adhesive 

properties, the proposal of novel methodologies to study cancer cell invasion of healthy monolayers, 

and the binding strength and energy of cellular interconnections. 
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1.1 Instrumentation 

1.1.1. The FluidFM technology 

The nanofluidic force microscope, known as the FluidFM technology, was first published in 

2009 by Meister et al. 1. Several application techniques were proposed on the original instrument, which 

was further developed in the next decade to maximize the functionality and output of the technology. 

To elaborate the methods and the possible results obtainable by FluidFM, one must first be clear with 

its most important feature, the cantilever2,3. 

The FluidFM technology uses a special microfabricated silicon-nitride (SixNy) 200 µm long, 

36 µm wide, 1.7 µm thick cantilever containing an embedded nanochannel with a height of 1 µm. A 

parallel row of pillars is manufactured in the channel, which supports the nanofluidic channel to increase 

stability and enable smooth fluid regulation procedures1,4,5. The fluid disposition or extraction 

regulation is achieved with a pressure control system connected to the fluid reservoir, filled with liquids 

of our choice1,5–8. The pressure range is from -800 to 1000 mbar. Currently, all FluidFM cantilevers 

must undergo a quality assurance protocol, so the purchased products provide the same user experience 

for the desired purpose. However, the user experience being the same, the intrinsic parameters of the 

cantilever strongly influence how the cantilever should be calibrated for single-cell force-spectroscopy 

(SCFS) measurements. The quality, the structure, and the usefulness of the cantilevers are ensured by 

the company producing these chips (Cytosurge AG., Glattburg, Switzerland). There are three types of 

FluidFM cantilevers on the market with special aperture openings of the nanochannel at the tip: the 

micro-and nanopipette and the nanosyringe, all serving a specific field of use. The micropipette is a flat 

cantilever, resembling the traditional flat and rectangular slob used in atomic force microscope (AFM) 

applications, but at the end, there is an outlet of the introduced nanochannel, known as the aperture, 

which has a diameter of 2, 4 or 8 µm. The micropipette is used for microprinting, colloidal and single-

cell force-spectroscopy. The nanopipette, however, has a pyramidal-shaped structure at the end of the 

cantilever, with an aperture at the tip of the pyramid with a diameter of 300 nm, and is primarily used 

for bacterial adhesion studies and nanoprinting. The nanosyringe also has a pyramidal shape with an 

aperture of 600 nm on the side of the pyramid next to the apex, used for fluid injection into or extraction 

from living cells. The cantilever, situated at the end of a rectangular silicon chip, is mounted on a plastic 

holder, known together as the probe. The plastic molding incorporates the liquid reservoir with a volume 

capacity of approximately 3 µl. 

The FluidFM technology can be placed on pre-existing AFM systems, such as Nanosurf, 

Bruker, or JPK, but a unique system known currently as OMNIUM (previously called BOT) is available 

in a standalone setting. The FluidFM add-on version comprises all benefits of the FluidFM technology. 

However, only the OMNIUM system makes high-throughput recordings or printing possible on its 

robotized platform. The FluidFM OMNIUM has an integrated xy-stage placed on an optical microscope 

on a vibration-free table. The stage can accommodate two standard-sized tissue culture plates, where 
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the arrangement of the plate can be varied, and even customized models can be created. This setting 

allows the user to utilize one plate for measurement and the other for cleaning, cell drop-off, or probe-

changing purposes, enabling various methodologies. The OMNIUM has a z-tower, called the head, that 

allows the movement of the probe in the z-direction, which is responsible for the approach and retraction 

of the probe to or from the substrate (Fig. 1A). In the head, a 2-segmented photodetector (PD) records 

the voltage changes caused by the deflection of the cantilever observed with a positioned laser beam. 

The laser spot on the backside of the cantilever can be moved along the cantilever’s longer axes, so the 

user has control over its location. While the user can continuously monitor the deflection of the 

positioned laser and the pressure on the system, the instrument can move the examination plates on the 

xy-plane and the probe in the z-direction, retracting from or approaching the desired location. The 

described hardware of the FluidFM OMNIUM is operated by the user, who has access to the following 

functions: probe selection, plate exchange, laser positioning, sample and object selection, sample 

approach or retraction, pressure control, spring constant (k) measurement in air with the contact-free 

Sader-method9, and inverse optical lever sensitivity (InvOLS) calibration by pressing the cantilever to 

a flat, and ideal surface. These basic operations are extended by some built-in and automatic functions. 

The user can pre-set in terms of surface contact, contact time, the movement speed of the probe in the 

z-direction, and pressure control. Together, all of these functions enable a wide area of use by applying 

Hooke’s law (Eq. 1) to calculate the force interactions of the cantilever and the subject of investigation. 

Eq. (1) has the necessary components k and InvOLS, which directly scale the obtained voltage values 

from the PD. Therefore, they must be calibrated precisely to reduce the error during the measurement 

process. The so-calculated force values can be set on the machine as a reference position of the 

cantilever from the substrate, called the set-point. 

𝐹(𝑡) = 𝑈(𝑡) ∗ 𝑘 ∗ 𝐼𝑛𝑣𝑂𝐿𝑆     (1) 

 Determination of the spring constant and the inverse optical lever sensitivity 

The spring constant (k) of a SixNy cantilever is a fundamental attribute defining the material and 

structural properties. The built-in software of the robotized FluidFM uses the Sader-method as the 

calibration strategy9–13. The Sader-method (Eq. 2) is based on the position and the quality factor (Q) of 

the first resonance frequency peak, where the Q is calculated from the resonance frequency divided by 

the full width at half-maximum (FWHM) of the Lorentzian peak functions on the thermal noise spectra. 

Eq (2) also relies on geometrical parameters of the cantilever, including width (b), length (L), and 

effective mass (𝑀𝑒), but also its fundamental resonance frequency (𝜔𝑓) and quality factor (Q), measured 

in a fluid with a density of 𝜌𝑓.  

𝑘 = 𝑀𝑒
𝜋

4
𝜌𝑓𝑏2𝐿𝑄𝛤𝑖(𝜔𝑓)𝜔𝑓

2      (2) 
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The approximated hydrodynamic function (𝛤(𝜔)), representing the effect of the surrounding 

pressure on the cantilever, consists of a real (𝛤𝑟) and imaginary (𝛤𝑖) part, taking damping stiffness per 

unit length and added mass of the cantilever into account14. The FluidFMs user software ARYA uses 

the standard value 0.243 of long rectangular cantilevers for the 𝑀𝑒, which multiplied by π/4 gives 

0.1906 in Eq. (2). The calibration of the spring constant needs the first eigenfrequency of the cantilever 

determined with thermal tuning. On the obtained spectra, a Lorentzian peak function is fitted on the 

first resonance frequency (𝜔𝑓) peak, and the FWHM of the curve is calculated. By dividing the 𝜔𝑓 with 

FWHM, we get the Q-factor, and by knowing all other geometrical properties of the cantilever, the 

determination of the spring constant based on Eq. (2) is straightforward. 

The calibration of the sensitivity of a cantilever is done by approaching and retracting the 

cantilever to an ideal hard and flat surface, such as a silicon wafer, that is fundamentally applied as a 

calibration surface AFM-based methods (Fig. 1). Upon pressing and bending the cantilever, a 

characteristic approach curve can be recorded since the focused laser beam on the backside of the 

cantilever is tracing the bending on the PD in voltage (U(t)) [mV] in unit time. Also, the approaching 

distance from the surface is monitored continuously by the state of the piezo, or in the case of the 

FluidFM, a high-precision stepper motor, regulating the height of the cantilever [µm]. Therefore, 

knowing the deflected voltage value and the position of the cantilever, the optical lever sensitivity (OLS) 

is calculated [mV/µm], which is then inverted to InvOLS and used in Eq. (1) to calculate the force (F(t)) 

exerted onto the cantilever in unit time. 

 Single-Cell Force-Spectroscopy (SCFS), Colloidal spectroscopy, and Bacterial spectroscopy 

The adhesion of cells, bacteria, and colloids to specified surfaces has been of long interest. 

Before developing the FluidFM technique, the detachment of microsized organisms and particles was 

observed with the traditional AFM, where the sample was bound to the bottom at the end of the 

cantilever with chemical bonding and was pressed against the desired surface. This technique has many 

severe limitations, including complex methodologies requiring extensive expertise, low-throughput, 

and contact-time of living cells from in vitro cultures. However, the AFM-based SCFS and single-

molecule force-spectroscopy techniques have paved the road to creating the field of examining living 

samples and proteins, called mechanobiology. The FluidFM technology enables a faster and more 

flexible approach the spectroscopy techniques, which can be appointed to the pressure control system. 

By filling the reservoir of FluidFM probes with buffer and approaching the subject by applying negative 

pressure, the microsized object can be sucked onto the aperture of the cantilever. Upon retraction from 

the surface, the characteristic force-distance (FD) curves can be measured (Fig. 1B-D). For SCFS and 

colloidal spectroscopy, the micropipette, while for bacterial adhesion, the nanopipette or special 

microbeads fixed on the micropipette are used. The FD-curves are depicted with the x-axis being the 

distance of the cantilever from the surface and the y-axis being the force, which value was calculated 

by Hooke’s law. FD-curves incorporate important properties of adhesion, which are the maximal 
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adhesion force (Fmax), the distance of the cantilever from the surface (Dmax), and the area under the FD-

curve (Emax). On the traditional AFM, individual jumps in the signal have also been investigated 

belonging to receptor-ligand ruptures15; however, since FluidFM is a novel technique enabling many 

different applications, this has not been investigated yet on the nanofluidic instrument. In the past years, 

since the introduction of FluidFM and commercialization, the technology has gained popularity due to 

its robustness and ease of use. It yielded plenty of new results in the field of force-spectroscopy collected 

in Table 12. Still, it is extended with novel experimental results. The protocols and methodologies for 

SCFS recordings are presented in the Results section before the corresponding experimental sections, 

which methods are an optimized version from many years of research6,16–18. 

 

Figure 1. Scheme of the experimental setup and process. In vitro cell cultures can be observed with an optical 

microscope attached to the FluidFM (A). On insert B, the position of the cantilever to the investigated culture is 

shown. Upon approaching cells with the FluidFM micropipette cantilever for SCFS measurements, the cantilever 

pauses when contact with the target is established (C). After an applied suction (vacuum) the cell is attached to 

the aperture, and then by retracting the cantilever from the substrate the characteristic FD curves are recorded, 

presenting the primary parameters Fmax, Emax, and Dmax (D). (Reproduced from Nagy et al, 202219) 
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Table 1. Cellular adhesion experiments on different cell types and experimental conditions, collected from the literature, especially regarding the used k and InvOLS in colloidal 

spectroscopy applications2.  

Application 

type 
Cell type Experiment Rupture force Reference 

SCFS 

Mouse Myoblast (C2C12) 
Measuring the effect of electric current on cellular 

adhesion 

The maximal adhesion force in control conditions on indium 

tin oxide coated glass slides was 520 nN ± 67,6 nN 
20 

Mouse Myoblast (C2C12) 
Measuring cellular adhesion on different types of 

substrates 

Median values on RGD presenting serum, covalent and non-

covalent surfaces, respectively: 236 nN, 409 nN, 425 nN; 

No detailed description of the measured errors 

21 

L929 Fibroblasts and Human 

endothelial cells from the umbilical 

artery (HUAECs) 

Detachment of individual cells and cells from 

monolayer from glass (L929) and gelatin-coated 

glass (HUAECs) 

Individual cells (mean values): 

L929: 234 nN 

HUAECs: 805 nN 

Cells from monolayer (mean values): 

L929: 232 nN 

HUAECs: 1170 nN 

22 

HeLa and HEK cells 

Measuring mammalian cell (and yeast) adhesion 

on glass and fibronectin in culture and room 

temperature environments 

Mean values on glass: 

HeLa cells: 473±127 nN 

HEK cells: 33±9 nN 

Mean values on fibronectin: 

HeLa cells: 593±70 nN 

HEK cells: 53±15 nN 

23 

    

Neural cells 
Detachment of neural cells from glass slides 

functionalized with fibronectin 

Force to detach neural cells: 

1000±300 nN 
24 

Human umbilical vein endothelial 

cells (HUVECs) 

Detachment from gelatin-coated gratings with 100, 

400, and 1000 nm depth and 1000 nm width 

Mean adhesion forces on substrates with different topologies 

Flat control surface - 619±70 nN 

100 nm deep grating - 1113±86 nN 

400 nm deep grating - 860±59 nN 

1000 nm deep grating - 598±123 nN 

Treatment with myosin-II inhibitor Blebbistatin on the 

control surface resulted in the decrease of adhesion force: 

295±44 nN 

25 
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Application 

type 
Experiment Used InvOLS and k Reference 

Colloidal 

spectroscopy 

Concanavalin-A coated colloids were adsorbed on human embryonic kidney cells. The 

particles were detached from the cells, which allowed to measure the force interactions 

between them. The adhesion force was ~60 nN between the colloids and the cells, and 

individual cells exerted ~20 nN adhesion force on the glass petri dish. 

Spring constant was determined with the Sader method and 

resulted between 0.5 to 3 Nm-1. InvOLS was calibrated each 

time the experimental medium was changed. 

26 

Reversible immobilization of functionalized silica beads onto FluidFM cantilever, adhering 

bacteria and measuring hydrophobic interaction of the bacteria from leaves. 28 bacterial 

strains have been used for colloid-bacterial surface adhesion measurement. More than 700 

FD-curves were recorded, the highest force values are around 50 nN of the members from 

Gammaproteobacteria. 

The nominal spring constant for micropipette cantilever was 

used as 0.2 Nm-1. InvOLS was recalibrated after each bead 

exchange, but exact values are not presented. 

27 

Force evaluation of different particle sizes aspirated by FluidFM micropipette and 

nanopipette cantilevers. Silica particles with diameters of 0.5 µm, 1 µm, and 4.3 µm were 

used. 

Nominal spring constant values are presented for 

micropipette (k = 0.3 and 2 Nm-1) and nanopipette 

(k = 0.6 Nm-1) cantilevers. Exact k and InvOLS values are not 

shown. 

28 

Polyanionic and polycationic recombinant spider silk protein was used to prepare colloidal 

particles for testing the biofunctionality of the material with FluidFM. 

Nominal spring constant values are presented for 

micropipette (k = 0.2 Nm-1) cantilevers. “InvOLS was 

determined in a symmetric system between two silica 

particles.” Exact k and InvOLS values are not shown. 

29 

   

Application 

type 
Type of bacteria Experiment Used InvOLS and k Reference 

Bacterial 

adhesion 

Escherichia coli and streptococcus 

pyogenes bacteria 

Detachment of bacteria strains from polydopamine 

treated surface 

Force values follow a Gaussian distribution with mean values 

around 6-8 nN in the range of 0-14 nN 
30 
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Microprinting in 2D and 3D 

The pressure control system of the FluidFM enables the dispensing of fluids in small quantities 

with its special apertured micro-and nanopipette cantilevers7, and so the possibility rises for large-scale 

micropatterning purposes6,31. Table 2. summarizes the advancements of micropatterning conducted 

with mounted and robotized FluidFM. 

Table 2. Relevant microprinting experiments and methods. 

Application type Experiment Reference 

2D microprinting 

PLL-g-PEG-RGD lines and spots were printed with robotized FluidFM 

OMNIUM on hydrophobic and cell repellent dextran layer, to which objects 

HeLa cells adhered and remained within constraints. 

6 

Pressure-controlled local deposition of nanoparticles was investigated in a liquid 

environment using a FluidFM. Fluorescent 25 nm polystyrene nanospheres were 

chosen as nanoobjects to be dispensed because they enable both the in situ 

monitoring of the process by optical microscopy and the ex-situ high-resolution 

characterization of the pattern by e.g., scanning electron microscopy. 

31 

Defined 2D patterns of an icosahedral plant virus, the tomato bushy stunt virus 

(TBSV), were created utilizing top-down lithography (e-beam and focused ion 

beam FIB) and bottom-up fluidic force microscope (FluidFM). 

32 

A new frontloading procedure was described for an AFM micropipette 

functioning as a force- and pressure-controlled microscale liquid dispenser. 
33 

A novel approach was presented for the structuring of hydrogels after their 

formation, based on the combination of atomic force microscopy (AFM) and 

nanofluidics, also referred to as FluidFM technology. Its applicability is 

demonstrated for supramolecular hydrogel films that are prepared from low-

molecular-weight hydrogels, such as derivates of 1,3,5-benzene tricarboxamides 

(BTAs). 

34 

The concept of controlled assembly of macromolecules was demonstrated for 

smaller molecules, with poly(ethylene glycol) bis-tetrazine (PEG-bisTz, Mw 

8.1 kDa, R ∼1.5 nm). 

35 

The association of AFM with microfluidics, namely FluidFM, was demonstrated 

as a valuable approach for the versatile electrochemical creation of patterns 

having diverse shapes and topologies. As model systems, electroplating of 

copper and electrografting of organic moieties by reducing aryldiazonium salts 

was used. 

36 

The approach of locally dispensing poly-l-lysine (PLL) molecules with a 

FluidFM onto a protein and cell-resistant poly-l-lysine-graft-polyethylene glycol 

(PLL-g-PEG) coated substrate was used for guiding the adhesion and axonal 

outgrowth of embryonic hippocampal neurons in situ. 

37 

Application type Experiment Reference 

3D microprinting 

A novel 3D printing method for voxel-by-voxel metal printing is presented using 

Hollow atomic force microscopy (AFM) cantilevers to locally supply metal ions 

in an electrochemical cell, enabling a localized electroplating reaction. By 

exploiting the deflection feedback of these probes, electrochemical 3D metal 

printing was, for the first time, demonstrated in a layer-by-layer fashion, enabling 

the fabrication of arbitrary-shaped geometries. 

38 

Techniques of direct ink writing, electrohydrodynamic printing, laser-assisted 

electrophoretic deposition, laser-induced forward transfer, local electroplating 

methods, laser-induced photoreduction, and focused electron or ion beam 

induced deposition were reviewed while critically discussing and comparing the 

potential of current microscale metal AM techniques. 

39 
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Localized dispensing, injection, and extraction 

As presented before, the most unique features of the FluidFM technology are the special 

nanochannel cantilevers, the pressure control system, and its robustness. The following section 

introduces the localized dispensing, injection, and extraction methodologies. The principle is that with 

the nanosyringe cantilever, it is possible to penetrate the membrane and inject substances into or retrieve 

samples from living cells. During localized dispensing, the operator moves the cantilever above the 

desired object, and fluids can be released from the cantilever to stimulate or stain cells with specific 

biomolecules40,41. The injection procedure can be performed by filling up the reservoir with fluorescent 

dyes, pharmaceuticals, or nanosized particles mixed in solvents. After penetrating the membrane of the 

cell with the nanosyringe, the fluids can be injected by adding pressure to the system. However, the 

extraction procedure requires negative pressure and the coating of the cantilever with cell repellent 

substances (e.g., SigmaCoat) from the inside and outside, while injection methodologies must only coat 

the nanosyringe from the outside. The precise fluid manipulation capability of the FluidFM system 

enables the dispensing or extracting fluids on a femtoliter scale. Therefore, it is suitable for controlled 

concentration gradient exposure of cells to substances and genetic analysis of mRNA from the cytosol 

and DNA from the cell's nucleus. During localized dispensing, a micro-or nanopipette cantilever is 

used, and solutions containing the desired molecules are directly ejected above the selected cell. 

Table 3: Relevant localized dispensing, injection, and extraction experiments. 

Application type Experiment Reference 

Localized dispensing 

With a new stimulation approach, which combines FluidFM for gentle and 

precise positioning with a microelectrode array read-out, controlled release of the 

excitatory neurotransmitter glutamate was shown to induce spiking activity in 

primary rat hippocampal neurons, as measured by simultaneous electrical and 

optical recordings using a microelectrode array and a calcium-sensitive dye, 

respectively. Furthermore, the glutamate dose-response of neurons by applying 

stimulation pulses of glutamate with concentrations from 0 to 0.5 mm was 

characterized.  

40 

Biological applications for a recently developed loading technique for a force- 

and pressure-controlled fluidic force microscope micropipette were described. 
The feasibility of a local loading technique for tissue applications was 

investigated using two fluorescent dyes, with which local loading behavior could 

be optically visualized. 

41 

Single vaccinia virions onto individual cells were deposited onto individual cells 

in a controlled manner with FluidFM. 
42 

Application type Experiment Reference 

Injection 

The state-of-the-art research on microinjection of both adherent cells and 

suspended cells with microforce sensing techniques were reviewed. 
43 

A two-step approach that combines nondestructive and quantitative withdrawal 

of intracellular fluid with sub-picoliter resolution using fluidic force microscopy, 

followed by matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry used to investigate metabolites in single cells, current methods 

commonly isolate and sacrifice cells, inflicting a perturbed state and preventing 

complementary analyses. 

44 
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Application type Experiment Reference 

Extraction 

A FluidFM-based approach was developed to extract, inject, and transplant 

organelles from and into living cells with subcellular spatial resolution. The 

approach enabled the transfer of controlled quantities of mitochondria into cells 

while maintaining their viability and monitoring their fate in new host cells. 

45 

The quantitative extraction from single cells with spatiotemporal control was 

demonstrated using fluidic force microscopy. 
5 

 

Future applications and directions 

A recent review article gives a thorough overview of the utilization of FluidFM to address 

biomechanical and biophysical issues in the life sciences46. In the review, the use of controlled volume 

drug disposition, FluidFM combined methods, and the investigation of subcellular compartments is 

discussed as a possible new expansion of the field. Also, current research utilizes FluidFM for the 

investigation of viral infections and extracellular vesicles, and the detection or controlled manipulation 

of cellular substances45,47,48.  
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1.1.2. Digital holographic microscopy 

Cell adhesion, division real-time visualization of cellular movement and pharmaceutical 

affinity can be studied by emerging in vitro, label-free, high-throughput techniques 16–18,49–53. The digital 

holographic microscopy (DH) based Holomonitor M454–56 (HM) is one of the effective, label-free, real-

time, and high-throughput instruments. It consists of a diode laser and a semi-transparent mirror that 

splits its beam into a reference and a sample beam. A mirror projects the sample beam to the observed 

cell culture. When the laser light goes through translucent objects (e.g., cells and layers), its phase will 

be shifted compared to the reference light because of the specific refractive index of the sample. The 

interference patterns created by the reference beam and the sample beam are recorded by an image 

sensor camera (Fig. 2.). Thus, the phase shift of the laser beam caused by cultured cells reconstructing 

the image of the sample is the detected signal. From this signal, it is possible to create 3D topographies 

of the objects in the laser’s path, because the thickness and refractive index of the cells have an effect 

on the phase shift of the laser light. The HM software visualizes the constructed images, and parameters 

related to the kinetics and morphologies of the cells can be obtained57. 

 

Figure 2. The image presents the path of the split laser in the M4 Holomonitor instrument. The sample beam 

passes through the cell, causing a phase shift, which is imprinted into the beam. The detection is based on this 

imprint and the interference with the reference beam. The image was reproduced from the Holomonitor M4 Setup 

and Operation Manual 58. 

An advantage of HM compared to other methods is that it enables experiments in a microfluidic 

environment, where cells are seeded into one well and chemokines into a different well, the two of 

which are connected with a microfluidic channel. Holomonitor M4 is an incubator-proof digital 

holography technique-based instrument51,59,60, which monitors cells in real-time in a humidified, 

temperature, and gas-controlled environment. Its main advantage is the real-time visualization, without 

any labeling or staining with cytofluorescent molecules, fixation, or any other substance, which could 

influence the microenvironment of the cells. Therefore, it is also cost-effective. In the experiment, 

samples containing cells are placed on the stage of the HM instrument. Cellular motion is recorded in 

3D by focusing the microscope on the channel. No post-visualization is needed since cellular features 
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related to dynamics and morphology are computed in real-time. These instrumental abilities potentially 

allow automated detection of cancer cell invasion into compact monolayers, but such experiments have 

not been done yet. 

From the digital holography experiments, the phase shift (φ), the laser light wavelength (λ), the 

cell’s (nc=1.38), and the surrounding medium’s (nm=1.34) refractive index are the primary source of 

information to be used for the calculation of cell morphology parameters, such as thickness and optical 

volume. The cell area is calculated in the conventional way based on the number of occupied pixels. 

Parameters related to movement include the migration distance1, motility and motility speed2 and 

migration directness3. 

State-of-the-art of applications 

Since direct holographic microscopy enables long-term, label-free visualization and analysis of 

single-cells on a population level, a wide range of applications have already been demonstrated by 

imaging and monitoring the dynamics of living cells in different environments: in an incubator 

environment, hypoxia chamber, or directly on the lab bench. The most relevant applications are 

summarized in the following table (Table 4). 

  

                                                           
1 Migration distance: shortest distance between the the starting point and the end point of the path travelled by the 

cell. 
2 Motility distance and motility speed: Motility distance is the actual path travelled by the cell, and the motility 

speed is the time needed to reach the motility distance. 
3 Migration directness represents how direct a cells movement is (migration distance/motility distance). Random, 

non-direct movement is represented with a number below 0.5, and a number close to 1 indicates a direct 

movement. 
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Table 4: Relevant DH applications. 

Application type Experiment Reference 

Single-cell analysis 

MCF10A normal-like human breast epithelial cells and JIMT-1 breast cancer 

cells were seeded on glass, flat gallium phosphide (GaP), and vertical GaP 

nanowire arrays. The cells were monitored individually using digital holographic 

microscopy. 

61 

Dormant and active cancer cell phenotypes were characterized using quantitative 

phase imaging. Cell proliferation, migration, and morphology assays were 

integrated and analyzed in one simple method. 

49 

The use of the DHI platform HoloMonitorM4 to evaluate the effects of novel, 

targeted cancer therapies on cell viability and proliferation using the HeLa cancer 

cell line as a model was described. Single-cell tracking and population-wide 

analysis of multiple cell morphology parameters were presented. 

62 

Application type Experiment Reference 

Cell counting 

DHM was used for cell counting directly in cell culture vessels with viable 

adherent cells. The images produced can provide both quantitative and 

qualitative phase information from a single hologram. 

54 

Dynamic changes of cord-blood-derived CD34+ cells in response to cytokine 

stimulation can be successfully studied, in a label-free way, using digital 

holographic microscopy. This approach can be easily applied to any type of non-

adherent cell monitoring. 

63 

The possibility of utilizing a series of manganese(II) complexes with 

heteroaromatic ligands (alcohol, aldehyde, ketone, and carboxylic acid) as 

inhibitors for biofilm formation of Pseudomonas aeruginosa was investigated. 

64 

Application type Experiment Reference 

Cell culture quality 

control 

Two streamlined protocols for quality controlling the ploidy of HAP1 cells and 

documenting their validity and necessity are provided. 
65 

It was shown that DHM enables label-free imaging cytometry, which provides 

novel complementary integral biophysical data sets for sophisticated 

quantification of cell culture quality with minimized sample preparation. 

66 

Application type Experiment Reference 

Cell proliferation 

A robust and label-free kinetic cell proliferation assay with a high temporal 

resolution for adherent cells was developed using digital holographic microscopy 

(DHM), one of many quantitative phase microscopy techniques. 

67 

Digital holography was used for long-time imaging and longitudinal tracking of 

individual JIMT-1 breast cancer cells. To gain further knowledge about the 

tracked cells, digital holography was combined with fluorescence microscopy. 

68 

Application type Experiment Reference 

Cell motility 

Two proprietary software modules for assessing cellular motility available using 

the HoloMonitor M4 DHC platform were evaluated on human melanoma cells 

lines with known relative motility and metastatic potential. 

69 

Holographic-microscopy live imaging technique was used to evaluate, for the 

first time in the literature, differences between the motility of nondifferentiated 

preadipocytes and differentiated mature adipocytes in living cell cultures over 

time. 

70 
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1.2. Mechanobiological background 

The FluidFM and DH enable the real-time, label-free, and high-throughput recording of cellular 

adhesion, behavior, and morphology17,51,54,71. The two techniques are primarily designed for different 

purposes. However, the obtained results complete each other and gain reliable insight into adhesion 

processes, with special regard to epithelial monolayer formation and cancer cell behavior. In this 

chapter, the focus is not primarily on the adhesion of cells to specific domains in in vitro settings but 

also on intercellular connections, the effect of the cell cycle on adhesion, and the invasion process of 

cancer cells, which is the primary step of metastasis72. 

1.2.1. The cell cycle in a nutshell 

In the field of mechanobiology, an important question is how the adhesion of cells is influenced 

by the cell cycle. To understand this, the cell's life cycle phase must be accessed. The different phases 

of cell mitosis are regulated by evolutionary conserved genes and proteins, with elevated or decreased 

concentration at a specific stage of the cell cycle. Changes in the cell phases require the expression, 

translation, or degradation of phase-related proteins.  

The cell cycle starts with an interphase three of major phases: in the G1 phase the cell produces 

cellular components responsible for initiating DNA and chromosome duplication leading to cell growth; 

in the S phase the DNA is replicated; and in the G2 phase cellular components for the daughter cells 

are formed73. After these phases, in the process of mitosis (M phase) the cell divides and two identical 

daughter cells form, which can either start the cell cycle again from the G1 phase, or enter cell cycle 

arrest known as G0 (Fig. 3A). For the healthy cell function, the interphase preceding the mitosis is 

necessary, for which the so-called checkpoint kinase proteins are responsible, mainly at the end of each 

phase74,75. In cancer, the cell may proceed in the cell cycle despite having incomplete or multiplied 

chromosome replications, because these proteins malfunction. This leads to enhanced mutation 

capability72,74. To understand the cell cycle, one possibility is to apply the chemical arrest of the specific 

phases. Another path is to use antibodies for immunocytochemical investigation of fixed cells. There is 

a third possibility to use the fluorescent ubiquitination-based cell-cycle indicator (Fucci) construct to 

determine a live cell's life stage by expressing fluorescent proteins during the different phases of the 

cell cycle76. To express the Fucci construct, the widely used cancerous HeLa cell line was genetically 

engineered, where red fluorescent protein mCherry is fused to Cdt1 expressed in the G1 stage, and green 

fluorescent protein Azami Green is fused to Geminin expressed in the S/G2/M stages of the cell cycle. 

This allowed continuous monitoring of cell cycle phases and the processes regulated by Cdt1 and 

Geminin, through observing how these degraded after the G1 and M phase by ubiquitination76. 
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1.2.2. Cell adhesion 

Cell adhesion has a fundamental importance in regulating cellular behavior involving 

development, differentiation, motility, survival, cancer propagation, homeostatic regulation, and 

vascularization77,78. Based on our current knowledge, the expression of adhesion proteins plays a major 

role in cell-cell and cell-matrix complexes that influence the cellular state.  

Cell-matrix complexes 

The cell attaches to the basal surface via integrin receptors that bind special motifs of 

extracellular-matrix (ECM) proteins. Integrins are transmembrane macromolecules consisting of an 

alpha (α) and beta (β) subunit. Their interaction is non-covalent and takes place between 18 α- and 8 β-

subunits, the expression of the subunits is cell function, localization, tissue, and ECM component 

dependent, generating 24 functionally different heterodimer proteins79. Cellular adhesion to the ECM 

is conducted on the focal side (Fig. 3B). In contrast, the apical side, especially in epithelial cell layers, 

faces cavities and tubes and conducts active transport of molecules and ions. Integrins present on the 

surface of cells are inactivated in the absence of signals, which signals switch the heterodimers into an 

active state, and are of „inside-out” or „outside-in” origin. Inside-out signals activate the integrin 

receptors β-subunit via talin regulation and control the receptors' affinity to ligands in the ECM. 

Outside-in signaling is the effect of ECM-integrin connectivity, which recruits protein complexes 

involved in regulation, maintenance, and scaffolding and enhances integrin-related signaling activity79. 

The ECM is composed of proteins presenting specific domains serving as ligands for integrins. The 

functionally different integrins have different targets, such as the RGD motif, an acronym for arginine-

glycine-aspartate, prominently found in ECM macromolecules like laminin and fibronectin. In cell 

adhesion studies, ECM mimicking substrates can be used to present the desired ligand of interest, and 

the commonly used gelatin is an ideal component that promotes integrin αvβ3 and α5β1 connections 

creating an ideal membrane for focal adhesions80–82. Another free binding motif is the GxOGER 

(glycine(G)-hydroxyproline(O)-arginine(R); x- hydrophobic amino acid), which is present in collagen-

derived gels interacting with α1β1, α2β1, α10β1, and α11β1 integrin heterodimers81. The strength of 

these connections varies between cell types depending on integrin subtype expression. Still, it is known 

that integrin-RGD contacts anchor the cell to a substrate with high affinity, so a strong connection is 

established, which can be studied with SCFS techniques, label-free biosensors, and computer-controlled 

micropipettes15,18,51,55,83. 

Cell-cell junctions 

Intercellular connectivity plays a major role in differentiation, development, organoid 

formation, regulation, and maintenance of cellular functions. Cell-cell connections are prominent in 

epithelial layers, which generally cover vessels and cavities of the body to distinguish them from the 

underlying structures, tissues, and organs84–87. The epithelium has various shapes, layers, and functions 
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depending on its location; for example, endothelial cells are single-layered and flat (squamous) in 

morphology, kidney epithelial cells are single-layered and cuboidal, while the transitional epithelium 

has uneven morphology and is lining the bladder and ureters. Cell-cell contacts include desmosomes, 

adherens junctions (AJs), gap junctions (GJs), and tight junctions (TJs), which establish and maintain 

the connection and allow cells to communicate. AJs and TJs are linked to the actin filament network of 

the cell that influences the cells' migratory and regulatory behavior. At the multicellular level, forces 

acting on cells are from interactions with the ECM (traction force) and with the neighboring cells 

(intercellular force). Between adjacent cells there are stable mechanical connections, the cell-cell 

junctions. In ephitelia, intercellular force transmission is regulated via AJs, TJs, desmosomes and the 

actomyosin network88 (Fig. 3B). Local variations in cell-matrix adhesions and cellular contractility may 

cause temporal and spatial fluctuations in the junctional force distributions, depending on the cell 

position 89,90. Additionally, TJs are playing important role in inherited diseases, fighting off bacterial or 

viral infections, signaling, cell polarization, and expressing protein complexes mediating cell-cell 

adhesion85,91,92. The maturation of junctional assembly ensures functional consummation of cell-cell 

adhesion, started by the primordial junctions between two cells next to each other mediated by nectin 

and E-cadherin, which recruit the participants of tight junctions91. Importantly, disruption of the TJs 

results in loss of function when opportunist pathogens can enter the underlying tissue, or in disturbed 

regulation of processes requiring active transport. To summarize, depending on the location, epithelial 

layers have a controlled permeability, which allows or inhibits the transfer of substances, ions, and 

pathogens. The strength of the intercellular epithelial connection is a factor that has disease-related 

implications, such as cancer cell invasion, intra-and extravasation, and metastasis formation. 

 

Figure 3. Schematic representation of the cell cycle, the Fucci construct and the cellular adhesion molecules of 

monolayers. On A) the cell cycle is represented. The G1 phase initiates the division and during the G1/S, S and 

G2 phase the cell growth continues as a preparation for the M phase, where the cell is separated into two distinct 

daughter cells. The cells can exit the cell cycle by entering G0 after division. B) Types of focal and intercellular 

adhesions, which connect the cell to the substratum (ECM) and to each other respectively, enabling different types 

of adhesive strength and communication. 

1.2.3 Cancer cell invasion 

Cancer cells have unique features, which can be best described with hallmarks, contributing to 

their vicious nature72. Cancer cell invasion of epithelial monolayers and their dissemination throughout 
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the system originates from the metastasizing potential of a primary tumor. The metastasis involves the 

individual cancer cell detachment, its invasion of the epithelium, degradation of the ECM and migration 

to blood or lymphatic vessels, the intravasation, surviving the circulation, extravasation of the 

circulation, and then forming the secondary colony93. During metastasis cancer cells must detach from 

the primary tumor, and a key program that facilitates this process is the epithelial-mesenchymal 

transition (EMT). During EMT, epithelial cells are transformed into mesenchymal cells, loose 

intercellular and focal connections, which disrupts the epithelial monolayer integrity94–96. The polarity 

of epithelial cells is also lost in EMT, which promotes the loss of E-cadherin and so the destabilization 

of AJs, followed by increased cellular motility, ECM degradation, the resistance of apoptosis, and 

invasion97. The invasion of the epithelium is, therefore, one of the first steps of metastasis. Since it is 

the primary barrier that protects the system from extracellular damage, its role is crucial in inhibiting 

cancer cell dissemination98.  
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1.3 Objectives 

1.3.1. Precise calibration of FluidFM micropipette cantilevers for SCFS 

measurements 

As highlighted in the introduction, the intrinsic properties (k and InvOLS) of FluidFM 

cantilevers heavily influence the calculated force values based on Hooke’s law. The hollow FluidFM 

cantilevers' special architecture requires a different approach than conventional rectangular uniform 

density AFM cantilevers. It is known that user-defined parameters, such as the laser spot position on 

the backside of the cantilever or the Young-modulus of the substrate, influence InvOLS values99. 

Therefore, a primary objective is to determine the influence of these two parameters and the aperture 

size of the micropipette cantilever on the outcome of the sensitivity. Also, since the Sader method 

determines k by using the quality factor, a thorough investigation of the Q-factor in the function of the 

laser spot position is necessary. 

Furthermore, based on my studies, it became clear that the traditional Sader method is not 

reliable for the hollow, arbitrary-shaped FluidFM cantilevers. Therefore, a non-conventional approach 

must be applied to determine the k by eliminating the Q-factor, which is the primary source of the 

discovered fluctuations in the k. The novel approach requires the first two modes of the harmonic 

oscillations based on thermal tuning of the filled FluidFM cantilever in air and water, respectively100. 

Unfortunately, the robotized FluidFM BOT/OMNIUM system does not allow the sampling of the 

higher-order resonance frequencies because of hardware bandwidth limitations on the instrument. 

Therefore, a numeric simulation of the FluidFM cantilevers resonance frequencies would show the 

applicability of the novel approach for the accurate and error-free determination of k. However, the 

simulated values must be verified by thermal tuning of the real FluidFM cantilever, which our system 

could not perform. Still, an international collaboration enabled the sampling of different cantilevers to 

validate the results and the Q-factor-free method. 

So, based on these considerations, the following objectives were seen of the error percentages of 

sensitivity and spring constant values produced by laser spot positioning, aperture sizes, and substrates. 

1) Establish a calibration methodology for the sensitivity and spring constant determination of 

FluidFM cantilevers to reduce error in the final force values of SCFS recordings. 

2) Use numeric simulation to access the higher-order resonance frequencies in air and water of 

arbitrary-shaped FluidFM cantilevers and validate the results experimentally. 

3) Apply the equation published by Payam et al. 100 to eliminate the Q-factor for the spring constant 

determination of arbitrary FluidFM cantilevers. 
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1.3.2. High-throughput investigation of cell populations, the cell cycle 

dependence of adhesion, and the effect of monolayer formation on adhesion 

The robotized FluidFM BOT/OMNIUM enables up to 20-60 SCFS recordings (20-60 cells) per 

day, based on the cell lines used, the environment, and the experience of the manipulator experimenting. 

This method exceeds previous investigations by far, and therefore the population distributions of SCFS 

parameters can be accessed, which have been neglected or wrongly assumed in previous studies. To 

illuminate this, a large number of cells adhesion curves must be recorded. For this purpose, three 

different cell lines were used to study the cell population distributions and investigate the cell cycle 

dependence of adhesion and the effect of monolayer formation on adhesion, both of which were not 

studied before with FluidFM. Therefore, the following objectives have been set to investigate these 

dependencies: 

1) Study the effect of the cell cycle on adhesion using the genetically engineered HeLa Fucci cell 

line. 

2) Investigate the adhesive properties of monolayer formation on the African green monkey 

kidney epithelial Vero cell line, in contrast to the widely used cancerous HeLa cell line. 

3) Record SCFS detachment processes, and determine the distributions of and the differences 

between the populations with statistical evaluation. 

1.3.3. Investigation of cancer cell adhesion during invasion 

The invasion of cancer cells into epithelial monolayers is the first step in the metastatic cascade72; 

therefore, it is crucial to understand this process better where cancer cells detach themselves from the 

primary tumor, cross a cellular barrier and disseminate throughout the system. With the power and 

magnitude of the two instruments presented, the robotized FluidFM BOT/OMNIUM and the 

Holomonitor M4, it is possible to investigate the attachment of cancer cells to monolayers and their 

morphological and motility properties during cell invasion. The following objectives would describe 

novel approaches to study cancer cell invasion into epithelial monolayers: 

1) Investigate single HeLa cancer cell attachment to confluent, epithelial Vero monolayer with 

FluidFM, in contrast to single Vero cell attachment in the same setting. 

2) Propose a novel method with Holomonitor M4 to study the characteristics of morphological 

and motility parameters of HeLa cancer cell invasion into confluent, epithelial Vero 

monolayers. 
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2. Results 

2.1. Calibration of InvOLS and k of arbitrary FluidFM cantilevers 

FluidFM cantilevers have a unique structure and differ significantly from traditional AFM 

cantilevers, and since intrinsic properties of the cantilever, the InvOLS and k, directly scale the obtained 

voltage values from the PD (Hooke’s law – Eq. 1), it is necessary to determine these coefficients with 

the highest possible accuracy. Therefore, a calibration strategy must be established, which is based on 

three major questions regarding FluidFM micropipette cantilevers, which type is primarily used in 

SCFS measurements: 1) Does the aperture size (2, 4 and 8 µm); or 2) the laser position on the backside 

of the cantilever; or 3) the calibration substrate (polystyrene or silicon) influence the InvOLS or the k?  

The two parameters were investigated on the robotized FluidFM instrument to answer these questions. 

Summarized, a theoretically expectable increase in InvOLS was observed, from the tip to the base of 

the cantilever, but also a well-defined and reproducible ±30% fluctuation in this value was observed, 

regardless of the aperture size of the cantilever and the substrate. The k showed an error range of -

13/+20% when measured on the first 40 µm from the tip of the cantilever. Based on the results, a 

calibration strategy was created to reduce the error introduced by unprecise calibration, which enhances 

the reliability of SCFS studies.  

2.1.1. Fluctuation and error in the InvOLS 

Results obtained on polystyrene and silicon substrates are represented in Fig. 4, where the 

InvOLS was measured on every pillar first. It was expected that the theoretical InvOLS values would 

show a continuously rising tendency with respect to the laser spot’s position from the tip to the base of 

the cantilever upon bending99. However, a periodic fluctuation in the value was observed superposed 

on the increasing trend along the cantilevers’ length, which is associated with the special inner structure 

of the FluidFM cantilever, namely its parallel row of pillars4. The InvOLS calibrated on polystyrene and 

silicon showed similar characteristics and values (Fig. 3), meaning that polystyrene is an ideal surface 

to calibrate FluidFM cantilevers. Since the pillars are spaced every 10 µm, have a diameter of 3 µm, 

and since the diameter of the laser beam in the cantilever’s plane (considering Gaussian intensity 

Figure 4. Progression of InvOLS values measured as functions of the laser position for FluidFM cantilevers on 

polystyrene and silicon substrates in 10 µm steps with 2 µm (A), 4 µm (B), and 8 µm (C) apertures. In every 

point 10 consecutive measurements were carried out representing the average and the standard deviation. At 

2.3 µm/V the dashed line represents the overall average for the given cantilevers. 
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distribution) is around 22 µm, the beam illuminates more than one pair of pillars simultaneously. 

Therefore, the local deformation of the cantilever and the intensity distribution creates an interference, 

that affects the measured deflection signal (Fig. 5). It should be noted, however, that the periodicity of 

fluctuation does not match the 10 µm periodicity of the pillars directly, so a detailed investigation with 

1 µm resolution was conducted on the cantilever’s first 30 µm, where the 0 µm position was set above 

the first row of pillars.  

 

Figure 5. Images taken with optical microscope from the respective cantilevers of different appertures presenting 

relations of the structure and function (A). The first row of pillars was used as reference (0) position (B), and the 

laser was positioned above the pillars during the experiments illustrated based on the actual geometry (C). 

Positioning the beam directly on the apertures creates increased intereference and noise, 

consistently yielding imprecise sensitivity values, which have been discarded from the investigations. 

On Fig. 6. three cantilevers with different micropipette aperture sizes have been measured with 1 µm 

resolution. Although their absolute sensitivities differ, their trends highlighted by the polynomial fit 

correspond well with each other. Here, the global minimum is on the first row of pillars, and a local 

minimum can also be found on the third row of pillars, with a local maximum in between. 
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Figure 6. Observation of InvOLS and k value progression based on the laser spot position. A) With 1 µm steps 

the local InvOLS values were determined on three different FluidFM cantilevers, and a 5th grade polynomial curves 

was fitted on the datasets. B) With 1 µm steps the local k values are represented of three different FluidFM 

cantilevers, as functions of the laser spot position. 

To quantify the noise measured on the length of the canitlever, which is the highest above the 

aperture, the mean squared error (MSE) was calculated for the linear fitting both for the baseline 

(Fig. 7A) and the linear indentation section (Fig. 7B) of the deflection curves. The noise level drops on 

the baseline several orders of magnitude from the aperture to the third row of pillars, while the noise 

superposed on the linear part of the deflection curves is independent of the positioning of the laser spot. 

The measured fluctuations of the InvOLS values are ±30% based on the measured data, and the meaning 

of the data and its influence is discussed in the calibration section (2.1.4.). 

 

Figure 7. A) Based on the linear fit on the baseline of a force-curve (see Fig. 2B) the noise levels were calculated 

as average square error. B) On the linear indentation (approach) section of the force-curve, which was used for 

InvOLS calculations, the same noise levels were measured. 

2.1.2. Fluctuation and error in the spring constant (k) 

The k was investigated with the same manner and purpose; by positioning the laser spot on the 

longitudinal plane of the cantilever, the spring constant was determined with the built-in Sader-method 

of ARYA software. The results are similar, as shown in the previous section. Although the curves show 

similar tendencies, their meaning must be treated differently. As said in the introduction section, the k 

is defined by material and structural properties, which should not be influenced by the position of laser 
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spot in theory. The results, however, show a well definable peak around 15 µm from the first row of 

pillars (at 0 µm position). Also the required parameter of the Sader-method, namely the quality factor 

of the first resonance frequency peak, which is acquired from the thermal noise spectrum, shows 

deviations. Lorentzian peak functions were exported directly from the user software ARYA (Fig. 8A-

B), displayed with the respective spring constants determined by the software. A 20% relative difference 

is observable in consecutive positions (e.g. @12 and @13 µm, 0.41 N/m), with high noise levels on the 

recorded sample. However, the position of the peaks does not vary much, so the variation of resonance 

frequencies lies below 7 Hz. The recorded noise influences the determination of the bandwidth 

(FWHM) and thus the Qf, also confirmed by the normalized peak functions in Fig. 8C. Therefore, the 

variation in k originates from the calculated FWHM of the fitted peak functions, as represented in Fig. 

8D on two consecutive laser spot positions. The mean squared error (MSE), which is the fitting error 

between the raw data and Lorentzian fit, must also be considered by determining the ideal laser spot 

position for k. Thus as presented in Fig. 8D, the k determined @12 µm has the lowest error.  

 

Figure 8. From ARYA the raw thermal noise spectra (A) and the Lorenztian peak functions (B) were directly 

exported for the cantilever with 4 µm aperture size obtained at four different laser spot positions. Peak functions 

were normalized at the same position (C) and the raw thermal noise spectra and fitted function are showed in 

consecutive positions. Avg. square error of individual thermal noise spectra and the corresponding Lorentzian 

peak functions show the differences in consecutive positions (D). 

The variation of the spring constant along the longitudinal plane can be attributed to the 

discrepancies in the Qf, as presented in Fig. 8, displaying the measured thermal noise spectra as proof. 

The thermal noise spectra measured in consecutive positions on a 4 µm aperture cantilever and their In 

Fig. 6, k shows high variation with respect to the laser spot position moved on the longitudinal plane of 
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the cantilever, and to identify which values are acceptable, the spectra with the least MSE must be 

selected, which well represents the superposed noise. The smallest error levels of 2 and 8 µm aperture 

micropipette cantilevers coincide with the mean of their distribution, and for the investigated 4 µm 

aperture cantilever, the smallest error as a function of the k is defined (Fig. 9). The mentioned k values 

having the least error are used as a reference (100%), which were used to determine the relative k as a 

function of the laser spot position, yielding a definitive trend (Fig. 9B). Based on the data and the image, 

it is observable that the first intersection with the 100% dashed line falls around the first set of pillars 

(level 0 µm). Other intersections coincide with the 100% level, but their distribution around the 

following set of pillars (10 and 20 µm) is blurred, and the introduced error here can be higher than on 

the first set of pillars. 

 

 

Figure 9. A) With data corresponding to Fig. 6B, between the raw thermal spectrum and its Lorentzian fit, as 

functions of the calculated spring constant, the average square error was calculated. The selected reference values 

used for rescaling the datasets are indicated by arrows, and the mean of each distribution represented by dashed 

lines. B) Relative spring constant values as functions of the laser position, where 1.51 N/m for 8 µm, 1.87 N/m 

for 4 µm and 1.31 N/m for 2 µm aperture, were used as a reference (100%) for calculations, respectively.  
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2.1.3. Calibration Strategy 

Since the measured possible fluctuations in the InvOLS (±30%) and k (-13/+20%) are both high, 

different calibration strategies must be introduced, since their meaning and significance are different. It 

must be emphasized, however, that the influence of the laserspot position is of high significance and 

the cleanness of the cantilever. Unclean micropipette cantilevers, stained with cellular remedies, are 

hard to calibrate. Therefore, the deflection curve of the InvOLS calibration presents the cantilevers state 

and usefulness. When the deflection curve shows curved bending, then possible contamination 

occurred, influencing the fitting of the linear slope of the deflection and resulting in a potential error in 

the obtained InvOLS. Other practical considerations are that average InvOLS values recorded by 

directing the laser on the longitudinal plane of the cantilever resulted in 2.3 µm/V (dashed lines Fig. 4), 

which can be used as a reference value to compare measured InvOLS values. Also, based on the data, it 

is essential always to use the local InvOLS values during recordings and be aware not to move the laser 

between calibration and measurement. 

The k is an entirely different subject since it depends on the intrinsic material properties of the 

canitlever, which in theory should not be influenced by the position of the laserspot. The determination 

of a cantilever’s spring constant is always necessary since even for the traditional, non-arbitrary, 

uniform density cantilevers, the k can significantly differ from the nominal values given by the 

manufacturer. The presented data confirm this, as shown in Fig. 9A, and the investigated cantilevers' 

nominal values vary considerably from the obtained ones, where the difference originates from 

technological variations and not from the aperture sizes. The real issue is, when upon calibrating the k 

in the wrong position, the error can be -13/+20% demonstrated in Fig. 9B. The reliability of calibration 

(the Lorentzian fit and the MSE) cannot be accessed directly by the user, making the k calibration a 

post-operational question upon manually retrieving the desired MSE values. 

In the manuscript (Nagy et al., Scientific Reports, 20192) a calibration strategy was proposed, which 

minimizes error produced by imprecise calibration, based on the presented data: 

1. Spring constant should be calibrated on the first row of pillars. 

2. During the spring constant calibration, it is desirable to move the laser around in a 2-3 µm 

range in 1 µm steps and repeat the calibration upon exploring the raw and fitted data from 

the software and finding the least error Lorentzian fit manually. 

3. The InvOLS should be calibrated on the third-row pillars, since the noise originating from 

interference is much lower than the first two sets of pillars, which in theory should yield 

higher cantilever sensitivity, but despite the third set of pillars result in more accurate 

values. 

4. During calibration and the subsequent measurement, the laser should not be moved. 
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2.1.4. A new method for the spring constant calibration of non-

conventional, arbitrary-shaped FluidFM cantilevers 

The FluidFM system implements the Sader-method9–13, which as seen in Eq. (2) relies on the 

Q-factor attributed to the first resonance peak of the cantilever measured in air. However, as 

demonstrated previously, the Q-factor is subjected to spectral noise and thus shows significant deviation 

on consecutive measurements (Fig. 8). Therefore, a new method from the literature, proposed by Payam 

et al., was investigated by us, which uses only resonance frequency positions for the calculations 

eliminating the Q-factor (Eq. 3)100. Again, the Sader-method incorporates geometrical parameters 

(width, length, effective mass), measured parameters (resonance frequency, Q-factor), and the 

hydrodynamic function shown in Eq. (2) in the introduction. Furthermore, the issues of the Sader-

method in the case of FluidFM cantilevers, surpass the uncertainty of the Q-factor. Applying the Sader-

method for calibration also presumes a conventional cantilever architecture, namely, the used 

hydrodynamic function and effective mass are only practically valid for solid slabs of rectangular cross-

section made of homogenous materials. Since the FluidFM cantilevers are arbitrary-shaped and 

inhomogeneous, the applicability of the standard hydrodynamic function and effective mass is rightfully 

questionable. The method by Payam et al. is independent of the Q-factor and the effective mass and 

requires only two measured parameters, namely the first resonance frequencies in air (𝜔𝑎1) and in a 

viscous fluid (𝜔𝑓1) (e.g. water). The Eq. (3) involves also geometrical components such as the width 

(b) and length (L) of the cantilever, and fluid material properties (density (𝜌𝑓) and viscosity (𝜂)). It also 

uses the hydrodynamic function, namely its real part in the form of regression constants 𝑎1 and 𝑎2. The 

real (𝛤𝑟(𝜔)) and imaginary (𝛤𝑖(𝜔)) parts of the hydrodynamic function are defined in Eqs. (4) and (5), 

where 𝑅𝑒 is the Reynolds number, 𝛿 is the thickness of the thin viscous layer surrounding the cantilever 

in which the velocity has dropped by a factor of 1/e14. For a standard rectangular cantilever with uniform 

density, the regression coefficients determined by Maali are used, namely: 𝑎1 =  1.055, 𝑎2 =

3.799, 𝑏1 =  2.688, and 𝑏2 = 2.736 14. The hydrodynamic function is dependent on the Reynolds-

number (Re), which per definition, is the ratio of inertial and viscous forces on an object. In our case, 

Re was calculated based on Eq. (6), both with the nominal and experimental cantilever geometries. 
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The method's applicability in the case of FluidFM would ensure a convenient spring constant 

calibration method since the instrument is primarily used in viscous environments (e.g., buffers). But, 

it still incorporates two regression coefficients of the hydrodynamic function, 𝑎1 and 𝑎2, which are only 

presumptions in the case of FluidFM cantilevers. However, these coefficients can be from the modified 

Euler-Bernoulli formula, also provided by Payam in the manuscript100 (Eq. 7).  

𝜔𝑓𝑛
2 (

𝜋𝑎1𝜌𝑓𝑏

4𝜌𝑐ℎ
+ 1) + 𝜔

𝑓𝑛

3

2 (
𝜋𝑎2√𝜂𝜌𝑓

2𝜌𝑐ℎ
) = 𝜔𝑎𝑛

2     (7) 

The equation above (Eq. 6) derives the angular resonance frequencies for any mode (n) in air 

(𝜔𝑎𝑛), and in a fluid (𝜔𝑓𝑛), and it involves the areal mass density of the cantilever (𝜌𝑐ℎ). So, 𝑎1and 𝑎2 

can be obtained from solving the equation based on the resonance frequencies of the first two modes in 

air and water. Subsequently, Eq. (3) can be used to calculate the spring constant. To determine the 

density (𝜌𝑐) of the cantilevers a precise CAD design was constructed based on optical microscopy and 

SEM images provided by the manufacturer, as illustrated in Fig. 10. Based on this the nominal density 

of the water-filled FluidFM cantilevers is 𝜌𝑐 = 2298.4 kgm-3. For the calculations, the density of silicon-

nitride was selected as 3100 kgm-3, also based on the recommendation of the manufacturer. It is 

important to note that water-filled cantilevers were used as a coherent, resonating body for all 

calculations. 

 

Figure 10. The 3D CAD design of a FluidFM micropipette cantilever with 2 m aperture.3 

For the application of Eq (7), the first two resonance frequencies in air and water (buffer) are 

needed. Unfortunately, the robotized FluidFM platform only samples up to 344 kHz theoretical 

maximum, which reduces the effective A/D bandwidth to 172 kHz because of the Nyquist-Shannon 

theorem, which is not sufficient to capture the second-order resonance frequencies in air and water. For 

this reason, the resonance frequencies of a FluidFM micropipette cantilever were determined in the 

framework of an international collaboration with Nanosurf AG. (Liestal, Switzerland). The first two 

modes have been experimentally defined for unfilled and filled FluidFM cantilevers in air and water 

(Fig. 11). By applying Eq. (7) the value of regression coefficients was determined as 𝑎1 =  0.855 and 

𝑎2 = 3.514  based on the experimental data. With Eq. (3) the respective spring constants were 

determined, and the results of the Sader-method were compared to Payam’s equation. In Table 5. the 

results are summarized in a concise manner, showing the relation of experimental results (geometries, 
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resonance frequencies, Q-factors) and nominal parameters, also involving the regression coefficients, 

the real (Eq. 4) and imaginary (Eq. 5) part of the hydrodynamic function. In Fig. 12. the evolution of 

the hydrodynamic function is plotted for experimental and nominal cases, and compared to Maali’s 

results for a uniform density rectangular cantilever, where regression coefficients were determined. In 

the case of FluidFM cantilevers the Re can vary due to the difference in nominal and real geometries, 

shown in Table 5. extended with the values derived by Maali. The real geometry of the investigated 

cantilever was determined based on optical microscopy images provided by Nanosurf AG. 

 

Figure 11. Tuning spectra of FluidFM cantilevers. The instrumentation of Nanosurf enables the sampling up to 

3 MHz, which can be achieved with (A) thermal tuning, and (B) the company’s Drive Technology, which yields 

an ultra-low noise spectrum. Both methods can be used to characterize the thermal spectra for FluidFM 

cantilevers, on which even the higher mode resonance frequencies can be observed. 
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Table 5. Cantilever parameters, experimental results and calculated values for experimental and nominal 

geometries. 

Cantilever parameters experimental (exp.) nominal (nom.) 

length (µm) 208 200 

width (µm) 33.5 36 

Experimental results frequency (kHz) Q-factor 

𝒇𝒂𝟏 77.068 148.333 

𝒇𝒂𝟐 475.907 380.43 

𝒇𝒇𝟏 27.4 3.952 

𝒇𝒇𝟐 188.431 9.069 

Regression coefficients exp. geometry nom. geometry 

𝒂𝟏 0.855 0.795 

𝒂𝟐 3.514 3.514 

𝒃𝟏 2.807 2.523 

𝒃2 2.735 2.707 

Reynolds number exp. geometry nom. geometry 

air 8.906 10.285 

water 54.163 62.549 

Hydrodynamic function Gamma, exp. geometry Gamma, nom. geometry 

real part, air 2.032 1.891 

imaginary part, air 1.11 1.03 

real part, water 1.332 1.24 

imaginary part, water 0.386 0.359 

 Maali Gamma real Maali Gamma imaginary 

air 2.24 1.104 

water 1.536 0.384 

Spring constants k, exp. Gamma k, nom. Gamma 

Sader-method, filled 2.002 2.223 

Eq. (3), filled 2.065 2.134 
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Figure 12. The real (𝛤𝑟(𝜔)) and imaginary (𝛤𝑖(𝜔)) part of the hydrodynamic function gamma (𝛤(𝜔)) in the function 

of Re. The graphs are based on the experimentally determined resonance frequencies, derived regression 

coefficients and the Reynolds numbers for nominal (nom.) and experimental (exp.) geometries of FluidFM 

cantilevers using Payam’s equations. As a reference, the hydrodynamic function is calculated based on Maali’s 

coefficients, and the nominal geometry is also given.  

Based on the results and Fig. 12, we can see that the difference in the hydrodynamic function 

of a FluidFM cantilever, compared to a standard rectangular slab is more pronounced in the real part. 

Upon calibrating in air there is only a 7% deviation in the imaginary part of the hydrodynamic function 

when comparing the Maali and Payam methods with nominal geometries. Also to calculate k, in the 

nominal case there is only a 4% difference between the Sader-method and the applied Eq. 3, and a 3% 

deviation by compensating the geometry. This means that applying the Sader-method with the standard 

hydrodynamic function introduces an error below 10% in the obtained k. However, the proposed method 

based on Eq. (3) also eliminates the Q-factor, with all of its problems of precise identification (with an 

average error of even 20% with our instrument, as discussed in the previous section). It has to be 

emphasized, that small differences in the obtained spring constants with the Sader-method and Eq. (3) 

for this experiment are, to no small extent, due to the ultralow noise Drive Technology of Nanosurf. 

The precise determination of Q-factors with their instrument makes this investigation a fine benchmark 

for both methods.  

Another important message of Table 5 is the effect of varying probe geometry on the obtained 

spring constants. Surprisingly, the built-in software only considers the nominal geometry, which 

introduced a 11% error with the Sader-method. This error is smaller for Payam’s method, only 3.3%. 

This means, if the user does not have the means to measure the actual cantilever geometry precisely, 

working with the hydrodynamic regression coefficients (a1 and a2 ) and Re calculated with the nominal 

geometry still results in more reliable spring constant values, compared to the Sader method.  

 Summarized, the proposed method has three distinct advantages compared to the Sader-

method. It eliminates the Q-factor and the noise, it uses the actual hydrodynamic function of the 

cantilevers, and is also less sensitive to the variations in the cantilevers’ geometry.  
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2.2. NBS-FDcurve: a custom software for FluidFM InvOLS fitting and SCFS 

analysis 

Based on the previous investigation shown in chapter 2.1, it was necessary to develop a custom 

software, which enables not only the inspection and reconsideration of the incorrect InvOLS values 

produced by the built-in method of the ARYA software but also makes the concise evaluation for high-

throughput SCFS data possible, which was also a missing tool for analysis of data produced by the 

robotized FluidFM instrument. On the user level, based on personal experience, when taking cleaning 

and calibration of the cantilever into account, a measurement cycle can take approximately 4-10 

minutes, meaning that 6-15 individual measurements are performed per hour. Without a temperature 

and CO2 controlled incubator placed above the FluidFM OMNIUM, a single experiment in buffer (e.g., 

HPMI or HBSS-HEPES) can be conducted for up to 3-4 hours before cells start apoptosis. This means 

that it is possible to record 20-60 SCFS force-distance (FD) curves in a single session depending on the 

experience of the user and the length of the cleaning cycle. The cleaning procedure of a cantilever is 

described in the experimental section 2.6. Due to the large data output of the instrument, the manual 

evaluation would take countless minutes to perform since the output data is not transcribed to an 

arranged format. This means that the approach and retract phase, which serves as reference points for 

the level 0 mV recorded from the PD theoretically, are not leveled upon exporting the datasets from the 

user software ARYA. Furthermore, individual results of FD-curves, such as the characteristic and 

unique parameters Fmax, Emax, and Dmax, and even the used InvOLS for the calculations, are not 

exportable in a single and concise transcript, which would enable the quick analysis of these data. 

The above-described features are essential for the analysis of high-throughput SCFS data. 

Therefore, a custom software was developed in Matlab AppDesigner relying on the exported data files 

exported from the user software ARYA. The software was named NBS-FDcurve, and is accessible to 

wider audiences for free upon request. 

2.2.1. Software Architecture and Features 

Regarding the functions of the software, and as the initial starting point, the following main 

objectives were determined: 

1. Linear fitting of the deflection curves to determine individual InvOLS values based on 

the calibration data. 

2. Leveling and displaying the FD-curves of SCFS recordings automatically, based on the 

input parameters InvOLS and k.  

3. Saving the output and input parameters (Recording ID, Fmax, Emax, Dmax, InvOLS) and 

the visualized FD-curve data in a concise transcript. 
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In chapter 2.1 it was already described that it is advised to measure the InvOLS before each 

SCFS recording to gain reliable information on the cantilever's state and validate if the laser has not 

been moved during the cleaning process or the previous recording and is positioned correctly. The data 

stored by the user software ARYA is labeled with consecutive ids that enable automatic processing of 

the exported files. The exported files have an extension of „id.Spectroscopy.time.csv” for InvOLS data 

preceding the SCFS curve recording („Spectrocopy.id+n.time.csv”), where the value „n” depends on 

how many InvOLS deflection curves were recorded in the same batch. By knowing this, an automatic 

process was created using regular expressions to extract the id number of the called InvOLS calibration 

folder and its content to visualize it in the user interface (UI) of the NBS-FDcurve software. As said, 

the number of the InvOLS data containing folder („id”) precedes the id number of the SCFS recording 

(„id+n”). Therefore, the program can search automatically among the existing files in the data path, 

which the user can accept. Upon accepting the suggested adhesion file, it can be loaded, and the FD-

curve will be shown on the UI. (Note: The k value must be set manually, while the fitted and accepted 

InvOLS value is loaded automatically to the next window. The InvOLS can also be set manually if the 

user uses a distinct value or an averaged value for a set of measurements performed with the same 

cantilever and with the same laser spot position.) After the loaded FD-curve and its unique parameters 

are shown, the data can be exported, and two separate files are created in the desired destination folder: 

the graphs’ and the evaluation parameters’ comma-separated value documents („graph+version-

number+id.csv” and “evaluation_data.csv”), where the version id states if an evaluation process was 

repeatedly conducted for the recording of the same id, starting with zero. The corrected values are then 

exported to the „corrected_evaluation.csv” files. These files can then be imported to the analysis 

software of our choice. 

2.2.2. Workflow 

The software enables a straightforward and easy workflow, and the software architecture diagram, 

the necessary commands and the execution of the analysis are described in the Appendix of the thesis. 
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2.3. Cell-cycle dependent cell adhesion of HeLa Fucci cells measured with 

FluidFM 

As already described in the introduction, cellular adhesion plays an essential role in the 

development and formation of tissues and organs. Therefore, the investigation of the cell cycle, and in 

this context, the study of the cell cycle on adhesion, is necessary to understand the forces a cell can 

exhibit onto the substrates during mitotic division. For this purpose, the robotized, high-throughput 

FluidFM was used to gather force-spectroscopy curves of the genetically engineered HeLa Fucci cell 

line, which enabled the characterization of SCFS parameters in the process of mitotic division. This 

type of investigation is the first force-spectroscopy study on this cell line. HeLa Fucci (fluorescent 

ubiquitination-related cell cycle indicator) cells express fluorescently labeled proteins related to cell 

cycle phases, where the red fluorescent protein (mCherry fused to Cdt1) is visible in the G1/S phases, 

and the green fluorescent protein (Azami Green fused to Geminin) is visible in the S/G2/M phases of 

the cell cycle (Fig. 13). Therefore, the fluorescence can be categorized into red (G1), yellow – red and 

green (S), green (G2), and colorless (M) phases. The Fucci construct enables the continuous monitoring 

of the cellular life stage upon illuminating the sample with a mercury arc lamp. The single-cell adhesion 

data on the general population proved that SCFS parameters, the area normalized parameters, and the 

novelly introduced spring coefficient follow a lognormal distribution. Previous low cell number studies 

treated cell populations as normally distributed or did not observe specific distribution of the 

parameters, which can be misleading when interpreting the data and conducting statistical tests. 

Furthermore, the cell area (Acell) was significantly smaller for colorless cells compared to other 

phases, but their maximal attachment force (Fmax) has been found not to have any significant differences 

at all. The meaning of this lies in the nature of adherence in the M phase since cells during mitotic 

division adhere with the so-called reticular adhesions, which exert a higher force per unit area compared 

to canonical focal adhesions revealed in this chapter. Also, a novel parameter, the spring coefficient (Sc) 

was introduced, corresponding to the elongation of the cell until the maximal level of adhesion force, 

and is calculated as a fraction of the Fmax and the maximal elongation during the mechanical detachment 

(Dmax). The Sc was revealed to be significantly larger for colorless cells compared to S and G2 cell cycle 

phases; therefore, they are significantly stiffer. The mechanobiological consequences of the results are 

discussed, together with the possible impact on other fields of expertise. 
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Figure 13. Targeting selected fluorescent HeLa Fucci cells with the FluidFM cantilever. A) Cells expressing 

fluorescent proteins during the different phases, visualized based on their emitted spectra, are shown. B) 

Schematics of fluorescent protein expression during the different phases in the inset, depicted along with the 

averaged FD-curves recorded during the single-cell force-spectroscopy measurements from G1/S/G2/M phases. 

(Reproduced from Nagy et al, 202219) 

2.3.1. Lognormal distribution of SCFS parameters 

During the study, 251 SCFS recordings were made on single cells, and their FD-curves were 

investigated thoroughly. 26 single-cell experiments were discarded due to weak or plain adhesion 

curves, which is a sign of reduced adhesiveness due to various factors, including apoptosis or the lack 

of sufficient receptor-ligand bonds. Also, 44 cells were excluded from the final investigation because 

they presented multiple nuclei located in the cell body; however, the low number of the polynucleated 

cells did not allow the investigation of phase-dependent properties of these cells; nevertheless, their 

general distribution as a sub-population is visualized in histograms. Note that excluding the 

polynucleated cells did not influence the single-nuclei distribution and the differences between the cell 

cycle phases. By taking these factors into account, a total of 181 HeLa Fucci cells were evaluated for 

the distribution of the general population (Fig. 14), and it was found that SCFS and morphology 

parameters follow a lognormal distribution. This finding is very important since previous SCFS studies 

did not address the distribution patterns of adhesion parameters or treated them as normally 

distributed22,101–103, which is misleading in the perspective of data evaluation and concluding results 

since in lognormal distribution, a significant proportion of cells have parameters far from the median. 
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Figure 14. Parameter distribution of the general population consisting 181 cells’ FD-curves. Characteristic SCFS 

parameters A) Fmax, B) Emax and C) Dmax follow lognormal distribution and provide parameters of single-cell 

adhesion. The lognormal fit parameters are represented by each histogram. (Reproduced from Nagy et al, 202219) 

In Fig. 14, HeLa Fucci cells present SCFS parameter values Fmax in the range of 25-1065 nN, 

Emax in the range of 0.06-11.9 pJ, and Dmax in the range of 1.2-17.5 µm for the selected 181 cells. Upon 

separating the overall population into 38 red, 43 yellow, 44 green, and 55 colorless cells, the various 

adhesion parameters could be visualized, and their differences have been evaluated with significance 

tests. In Fig. 15 the basic parameters Fmax and Emax (r = 0.78) show an expected correlation from the 

literature; however, no correlation was found between Fmax and Dmax (r=0.28). As it was already shown 

in Fig.13B, the recorded FD-curves of the different color phases reveal differences between the different 

phases when averaged. It is visible that colorless cells have lower Fmax, Emax, and Dmax values, while 

green FD-curves show elevated parameters, red and yellow cells averaged FD-curves present similar 

tendencies. 

 



42 
 

 

Figure 15. The investigations revealed a correlation between Fmax–Emax parameters (blue, y=5.47+0.011x), but 

between Fmax–Dmax (red, y=(-0.53)+0.012x), no correlation was found.  

2.3.2. Statistical difference between cell cycle phases of force-spectroscopy 

data and introduction of the spring coefficient (Sc) 

The results of single-cell data corresponding to the different colors  analyzed separately are 

summarized in Fig. 16. All parameters were tested for normal and lognormal distributions, lognormal 

distribution are well fitted on data of subpopulations. No significant differences were found during the 

analysis of the Fmax and Emax parameters showing a cell-cycle independent character. In the case of the 

red cell population normal distribution was found to fit well on Fmax and Emax parameters, due to the 

overall lognormal distribution found in the general population the significance levels were tested with 

a non-parametric significance test. However, for the colorless cells the Dmax parameter shows a 

significantly different distribution. No differences in the various stages of the cell cycle in adhesion 

parameters Fmax and Emax was found. While, the lowest Dmax values were recorded during the colorless 

phase, followed by G1 (red), G1/S (yellow), and S/G2 (green) phases. 

 



43 
 

 

Figure 16. The FluidFM recorded distributions of primary adhesion parameters concerning cell color (colorless, 

green, yellow and red) are presented on histograms with fitted lognormal distributions (solid black lines) (A, C, 

E) and box charts (B, D, F). Parameters Fmax (A, B) and Emax (C, D) present no statistical difference between 

individual phase colors, but Dmax (E, F) shows a difference between M phase (colorless), G2 phase (green), S 

phase (yellow) cells (p<0.05). Fmax: colorless cells mean=218.19±15.75 nN; green cells mean=251.68±28.73 nN; 

yellow cells mean=218.25±15.94 nN; red cells mean=222.33±14.95 nN. Emax: colorless cells mean=1.97±0.28 pJ; 

green cells mean=2.58±0.4 pJ; yellow cells mean=2.1±0.27 pJ; red cells mean=1.82±0.17 pJ. Dmax: colorless cells 

mean=6.4±0.5 µm; green cells mean=6.37±1.78 µm; yellow cells mean=7.99±0.51 µm; red cells mean=6.77±0.45 

µm. (Reproduced from Nagy et al, 202219) 

Based on the determined exact cell areas, the distributions in all cell cycle states of the single-

cell area were found to be lognormal. The smallest mean area was found for the colorless cells, while 

the other color phases are similar (Fig. 17A-B). Area normalized single-cell adhesion parameters, such 

as Fmax/Acell and Emax/Acell were also investigated, where the normalized parameter Fmax/Acell is 

significantly higher in the colorless phase compared to the yellow phase and green phase, while in 

Emax/Acell no difference was found (Fig. 17C-F).  

The spring coefficient (Sc), defined as Fmax/Dmax, characterizes the average elasticity of the cells. 

Since, the cell and the cantilever can be considered as two serially coupled units, Sc, is the spring 

coefficient of the cell-cantilever system shown in Fig. 18C, D. For colorless cells the resulting mean Sc 

values were 41±3.2 nN/µm, for green cells 30.1±3 nN/µm, for yellow cells 30.95±2.7 nN/µm, and for 

red cells 35.56±2.5 nN/µm (Fig. 18A-B).  
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Figure 17. Measured cell area (Acell) and the area normalized parameters (Fmax/Acell, Emax/Acell) presented on 

histograms with fits of lognormal distributions (solid black lines) (A, C, E) and box charts (B, D, F). A significant 

difference was found in the Acell between colorless cells (M phase) and all other subpopulations (B). Also, the 

Fmax/Acell values between colorless (M phase), green (G2 phase) and yellow cells (S phase) were significantly 

different (D). Emax/Acell has not shown any difference in their distribution (F). (Reproduced from Nagy et al, 

202219) 
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Figure 18. Spring coefficient (Sc) characterizes the elasticity of the cell and schematic illustration of its physical 

meaning. Sc produced lognormal distributions in all color phases (A) and a significant difference between colorless 

(M phase), green (G1 phase), and yellow cells (S phase) (B). The elastic capability of the cell shows a deformation 

upon pulling it from the surface with the cantilever of the FluidFM. (Note, the drawing is not in scale. In reality, 

the bending of the cantilever is tiny compared to the elongation of the targeted cell. (C), which can be interpreted 

as the pulling of a spring with a specific amount of force. The largest cell elongation Dmax is reached when pulling 

the cell with Fmax (D) maximum force. Thus the fraction Dmax and Fmax yields Sc, which is the slope of the green 

line connecting the maximal force-elongation with the zero level (E). (Reproduced from Nagy et al, 202219) 
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2.3.3. Multinuclear cells 

The 44 cells excluded based on their multinuclear morphology were also examined, and it was 

found that the lognormal distribution is also present in the excluded population (Fig. 19). Note that the 

exclusion of multinuclear cells did not influence color (cell cycle phase) based evaluation and detect 

significant differences between color phases. However, the separation of multinucleated cells does not 

provide sufficient SCFS results to further investigate the color phase dependence of these cells. 

 

Figure 19. Multinucleated HeLa Fucci cells also show lognormal distribution in the SCFS parameters: Dmax (A), 

Emax (B), Fmax (C), Fmax/Dmax (D), Emax /Acell (E), Fmax/Acell (F), and the corresponding lognormal distribution values 

are presented in Table 7. below. (Reproduced from Nagy et al, 202219) 
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Table 7. Lognormal curve fit parameters of multinucleated HeLa Fucci cells. 

-- mu sigma mode median mean 

Dmax 2.09 0.58 5.73 8.07 9.57 

Emax 0.8 1.3 0.41 2.23 5.21 

Fmax 5.5 0.92 104.21 243.93 373.2 

Fmax/Dmax 3.41 0.77 16.81 30.24 40.56 

Emax/Acell -6.27 0.9 9.00E-04 1.90E-03 0.003 

Fmax/Acell -1.57 0.7 0.13 0.21 0.27 

 

2.3.4. Conclusion 

In all SCFS parameters and cell area, even in the total and the sub-populations corresponding 

to cells with various colors the high-throughput FluidFM investigation of HeLa Fucci cancer cells 

revealed a lognormal distribution. Characteristic parameters of FD-curves belonging to single-cell 

recordings Fmax, Emax, and Dmax, show only significant differences in Dmax between colorless and yellow 

or green colored cells. Dmax corresponds well to how large or elastic a cell is, since Acell is also 

significantly larger in the yellow and green sub-population than in the colorless population. During the 

detachment process the cells in the colorless state have a smaller contact area and extend less due to the 

mechanical deformation, meaning that during the colorless phase, a cells' area is reduced due to the 

mitosis and reaches the maximal attachment force (Fmax) at shorter pulling distances than cells with a 

larger membrane and cytosol (e.g., yellow or green phase). According to these results, the HeLa Fucci 

cells also show the tendency104 to have higher cell areas in the S-G2 phase compared to the G1 phase, 

however, this difference was not significant. Regarding Acell between the colorless phase and all other 

color-phases is the main difference, and the rounding up of the cell during mitosis is in tune with the 

literature 105–108. 

Interestingly, between the Fmax and Emax distributions no significant statistical difference was 

found in the various cell color states. Investigating further, by normalizing these parameters with the 

individual cell's area significant difference in the Fmax/Acell parameter between colorless and 

green/yellow cells was detected, which is a newly discovered phenomenon. It can be explained with the 

expression and presence of αVβ5 integrins and reticular adhesion proteins during the mitotic division 

(colorless phase) of the cell109. Among the different phases there was no difference in the distribution 

of Fmax parameter, but in the M phase the mean value of Acell was significantly smaller. These results 

are to some extent contrary to assumptions that cells not only round up during mitosis, but during 

cytokinesis cell–substrate adherence weakens as well110–112. To enable cytoskeletal rearrangements 

during mitotic round-up and cytokinesis αvβ5 integrins direct the reticular adhesion complexes 113. So 

it can be concluded that reticular adhesion complexes exert the same amount or even more force per 

unit area than focal adhesions. This highlights the vital function of reticular bonds responsible for the 

anchoring of cells during round-up and division. In a previously reported RWG biosensor experiment 
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a lower cell mass per unit area inside the cell-substratum contact zone was found 108. The larger force 

per unit area in the colorless phase and the lower cell mass per unit area together highlight that not only 

the adhesion complexes but the whole cell-substratum contact zone has a different morphology and 

adhesive characteristics in reticular adhesions compared to canonical focal adhesions. In contrast, 

traction force in the late M phase (colorless phase) is lower on the substrate106. However, as it was 

shown, when population distributions are considered, in colorless cells the overall cell binding force is 

similar, and the exerted force per unit area is even significantly larger. Highlighted by differences at the 

population distribution level the morphology of reticular adhesions113 are perfectly in tune with the 

above results. A unique parameter recorded with the fluidic force microscope, not available by other 

methods, is Dmax. While during the cell cycle the cell area has a steady growth, the exerted force onto 

the surface is similar and even to some extent larger in the S/G2 phase (green-colored) population.. The 

biphasic behavior of the cell cycle reorted previuosly105,114 was undetected by us in the acquired SCFS 

parameters. In this setting the loss in cell adhesion area in the G2 phase does not reduce the amount of 

force or energy exhibited by HeLa Fucci cells, contrary to the report by Jones et al. 114. 

Derived from the fraction of Fmax and Dmax parameters, the introduced spring coefficient (Sc), 

corresponds to a cell's average elastic behavior. Visually it is represented as a linear slope to the 

beginning of the retract phase of the FD-curves (0,0) connecting the zero level to the (Dmax, Fmax) 

coordinates (Fig. 18E). The Sc determines the overall adhesive elasticity from a physical view, created 

by the pull on the membrane and the underlying receptor-ligand adhesive bonds. This can be interpreted 

as the elongation of two connected springs forming a unit. In the case of, we have It was determined 

that the Sc is significantly larger in the colorless cells compared to other color phases by the high-

throughput investigation on HeLa Fucci cancer cells. The biological perspective of the Sc is that cells 

in the colorless phase have smaller deformation capabilities, so they are stiffer, which is in tune with 

previous works115–117. The statistical difference comparing the other phases was not shown before using 

SCFS techniques, which results highlight the differences in single-cell adhesion parameters in the M 

phase at the population level. Based on the results, the investigation and selectively targeting of M 

phase-controlled protein expression would enable the understanding of their role in cancer propagation 

better118,119. Accoring to the above results the drug candidates affecting adhesivity could be also better 

and more meaningfully explored in future studies. 
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2.4. Maturation of the epithelial Vero monolayer formation compared to 

HeLa cancer cell adhesion measured with robotized FluidFM 

The strength of the robotized FluidFM lies in its robust data acquisition method to measure 

firmly adhered cells with high precision. The power and development of cell-cell connections are of 

broad interest since their disruption precedes cancer cell invasion. Here I present a study, which is 

designed to measure the adhesion maturation of epithelial Vero and cancerous HeLa cells under the 

same conditions. Furthermore, cancer cell adhesion to tight confluent Vero monolayers was also 

recorded, and to add contrast, Vero cells were also seeded on top of the Vero monolayer and were 

recoded under the same conditions. A thin gelatin layer was used as substratum, allowing integrin αvβ3 

and α5β1 binding to RGD-domains in the gelatin, thus providing an ideal basement structure for the 

focal connections80,81. In this setting the importance of cell-cell contacts and the difference between cell 

lines can be highlighted, described and quantified. To quantitatively assess matured cell-cell contacts a 

new equation is introduced based on FluidFM SCFS recordings and phase holographic imaging studies. 

The equation is specifically derived for Vero cells forming cuboidal monolayers. Vero cells are popular 

among vaccine development and toxin screening studies, since due to contact inhibition they maintain 

a normal layer morphology and functionality contrary to cancer cells (e.g., HeLa)120,121. HeLa is also 

very commonly used worldwide, because it serves as an ideal model to study immortal cancer cells. 

From the perspective of our investigation these cell lines are well-described candidates to study cell-

substratum and cell-cell contact maturation. Regarding cancer cell invasion of healthy epithelial layers 

HeLa cells were seeded on top of the tight Vero monolayer, so their adhesivity and effect on the 

monolayer itself can be elucidated. In low-throughput AFM studies similar approaches have already 

been performed 122,123. However, AFM based SCFS investigation does not enable the detachment of 

firmly adhered cells and also the short retraction distance inhibits the recording of the full detachment 

curve. Here, high-throughput SCFS data and also the actual attachment kinetics is presented, with 

special regard to unique SCFS parameters such as force, detachment distance and energy of strongly 

adhered cells in an evolutionary perspective, ranging from the single-cell to confluent layer state (Fig. 

20). An equation is introduced here, which enables the determination of cell-cell contact forces and 

energies based on single-cell data. In the case of Vero monolayers, the unit area force and energy 

densities of cell-cell connections have been derived, for which calculations data from phase holographic 

imaging was used. 
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Figure 20. Schematic illustration of the experimental conditions and detachment process. A) 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 FluidFM cantilever, which pauses upon contact with the targeted cell. After that, vacuum is used to attach 

the cell to the aperture of the probe, and the cantilever is retracted from the substrate in a controlled manner. 

(Reproduced from Nagy et al, 2022124) 
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2.4.1. Effect of monolayer formation on SCFS parameters, and single-cell 

attachment to Vero monolayer 

In the study a total of 214 were investigated including 86 HeLa  and 128 Vero cells. The cells 

were categorized into groups with the respective cell numbers, namely : single-cell (SC; 19 HeLa, 18 

Vero), island (ISL; 19 HeLa, 19 Vero), HeLa confluent layer (HeLa CFL; 20 HeLa) sparse monolayer 

(sparse Vero ML; 20 Vero), tight Vero ML (26 Vero), top of the Vero monolayer (TOP HeLa/Vero; 25 

HeLa, 16 Vero) and tight Vero ML with HeLa influence (Vero ML – HeLa, 23 Vero). Cells in different 

configurations were classified prior to recording based on 1) their overall distributions and morphology 

(SC, ISL, ML/CFL, TOP), 2) the size of the cell and its neighbours (tight ML cells are smaller compared 

to sparse ML cells), 3) the number of neighbours and the number of cells in the group (tight ML 7-8, 

sparse ML 3-8, ISL 1-6 neighbouring cells). The SCFS recordings were analyzed with the standard 

protocol125 (section 2.1 & 2.2). Averaged FD-curves were calculated for all subcategories based on 

individual SCFS recording, which show interesting features shown in Fig. 21, Based on the FD-curves 

recorded in the Vero cell population a strong evolution from the single-cell state to the tight monolayer 

state can be observed (Fig. 21A), which tendency is absent in HeLa cells, where the FD-curves present 

similarities (Fig. 21B). The averaged FD-curves recorded on individual cells, however, create visibility 

for the differences in the SCFS parameters. Vero and HeLa cells’ FD-curves recorded from similar 

conditions and confluencies are shown in Fig. 21C-F. Box charts present SCFS parameters of the 

investigated categories in Fig. 22 and 23. Statistical evaluation was made for the subcategories of 

comparability, which only makes sense in the case of the same morphological category. Therefore, 

between Vero and HeLa cells, the statistical test was conducted between SC-SC, ISL-ISL, ML-CFL, 

TOP-TOP cases (Fig. 21). In addition, differences in the morphological structure were assessed for the 

individual cell lines but not for all subcategories. Also, based on the microscopic images, the exact cell-

substrate contact area (Acs) of individual cells were defined to elaborate the data further (Fig. 22D), used 

to calculate area normalized SCFS parameters (Fig. 23B-C) and cell-cell contact forces (Fig. 24). The 

spring coefficient (Sc), the fraction of Fmax and Dmax, which was already introduced in section 2.3.3. was 

also analyzed here (Fig. 23A-B). 
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Figure 21. For direct comparison the SCFS results of cells from different categories and cell lines represented by 

averaged FD-curves of Vero (A) and HeLa (B) cells. Magenta: cells picked up from the top of the monolayer 

(TOP), black: adhered to gelatin layer single-cell (SC), orange: island-like assemblies (ISL), blue: Vero cell 

organized into a sparse monolayer (sparse ML), and red: Vero cells assembled to tight monolayer or HeLa cells 

detached from a confluent cell culture (Vero tight ML/HeLa CFL). The averaged FD-curves of the assembly 

categories comparing the Vero and HeLa cell lines are also shown with typical microscopic images of the 

measured cells. C, Vero and HeLa cells were picked-up from the TOP of the Vero ML, an olive green arrow 

indicating Vero and red arrow HeLa cells. On D) the SC case, while on E) the ISL assembly is shown. F, Compares 

the case of confluent culture of HeLa cells with cells detached from Vero monolayers in three subcategories: the 

sparse ML case (light green), tight ML case with HeLa cell influence (turquoise, red arrows are HeLa cells), and 

the ultimate tight ML case (olive green). (Reproduced from Nagy et al, 2022124) 

The non-parametric Kolmogorov-Smirnov test was used to test significance levels, where the 

value p 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 ****. Basic SCFS parameters, such as Fmax, Emax, 
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and Dmax originating from the investigated FD-curves were analyzed; strong significances have been 

found between the various categories analyzed in Fmax (Fig. 22A). The development tendency of the 

parameter is accounted for a contact maturation evolution, also observed in the Emax parameter (Fig. 

22B). In parallel, HeLa cells exhibit different adhesion energies between the SC and ISL states. The 

Dmax, another characteristic SCFS parameter, that represents the elongation of a cell until the maximum 

attachment force (Fmax) is reached, is presented in Fig. 22C. The exact cell-substrate contact area (Acs) 

was determined to examine the influence of cell size on SCFS parameters determining cell adhesion 

energies and forces (Fig. 22D). Substantial differences in Acs are between the organization levels of 

Vero and HeLa cells since the ML/CFL cases in the two cell lines are significantly smaller than SC 

cases, showing that the cells have reduced area to spread in an established confluent layer. 

 

Figure 22. Population distributions of the FluidFM recorded single-cell primary adhesion parameters, and the cell 

areas from parallel microscopy measurements. A, Fmax values of various categories; B, Emax parameter of various 

categories; C, Dmax parameter of various categories; D, Acs parameter of various categories. Actual values are 

represented in the Appendix. (Reproduced from Nagy et al, 2022124) 

The spring coefficient (Sc) of Vero cells presents a significantly rising tendency through the 

different states (from the SC to the ML state; Fig. 23B). Area (Acs) normalized SCFS parameters Fmax 

and Emax are significantly different upon comparing data from the cell of Vero tight ML and all other 

Vero categories (SC/ISL/sparse ML). This shows the indisputable presence of cell junctions (Fig. 23B-

C). The proof of loser or less adhered junctions in HeLa cells can be accessed by normalized parameters 

Fmax/Acs and Emax/Acs , which show that Vero tight ML cells have significantly higher values compared 

to HeLa CFL cells.  Upon comparing HeLa SC and HeLa TOP cells in Fmax/Acs and Emax/Acs, it can be 

observed that HeLa cells seeded on the Vero monolayer exhibit significantly higher adhesivity 

compared to the SC HeLa recorded on the gelatin substratum. 
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Figure 23. Schematic illustration of the FluidFM measurement process on cell layers with the spring coefficient 

(Sc) and the illustration of its physical meaning, and derived single-cell adhesion parameters. A, The elastic 

capability of the cell shows a 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 Dmax 

is reached when pulling the cell with the maximum force Fmax. Thus the fraction Dmax and Fmax yields Sc, the linear 

slope connecting the maximal force-elongation with the zero level. B, Sc parameter of various categories;. C, 

Fmax/Acs parameter of various categories; D, Emax/Acs parameter of various categories. Actual values are 

represented in the Appendix. (Reproduced from Nagy et al, 2022124) 

2.4.2. Determination of unit area force and energy surface density and 

discussion 

To address the contact evolution of cell populations, the obtained FD-curves represent a strong 

development from the single-cell state to the tight monolayer state in the case of Vero cells (Fig. 21A). 

Between the averaged FD-curves of Vero and HeLa cells recorded from similar conditions and 

confluencies the differences are shown in Fig. 21C-F, where the levels of the assembly and cell-cell 

contact establishment of the epithelium is visible. Vero cells assembled to a tight and sparse monolayer 

have the largest maximal adhesive forces, where even values up to 2615.2 nN were recorded. However, 

the range of Fmax values has a broad spectrum, and therefore, in other cases, adhesion force was much 

lower. The Fmax values of Vero ML are significantly higher than the Vero SC cases (p<0.0001), and 

also than the ISL assembly, but there is no significant difference when comparing the Vero SC and 

HeLa SC/ISL/CFL categories. It can be concluded that Vero SC and other HeLa categories have similar 

focal attachment forces to the substrate. 

A further finding is, that HeLa cells do not present signs of contact force development, 

indicating the abundance of cell-cell connections, which is contrary to the Vero ML assembly, where 

the intercellular adhesions are of importance. Upon investigating Vero cells detached from ML with 

HeLa influence, no difference was found compared to the normal Vero ML in the observed regular 
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SCFS and derived parameters (Fig. 22 and 23). Cell elasticity can be visualized with Dmax , since stiffer 

cells present ta shorter Dmax distance, while cells of higher elasticity show larger Dmax. Based on the 

literature, cancer cells in close contact decrease endothelial cell stiffness126, but in this setting HeLa 

cells did not influence cells of the epithelial Vero monolayer (Fig. 22C).  Also, the Dmax emphasize the 

significant contact maturation of Vero monolayer in contrast to HeLa cells. As observed, sparse or tight 

monolayer organized Vero cells tend to be more elastic than SC or ISL assemblies.  In the case of HeLa 

cells the ISL organizatory level present significantly higher Dmax values compared to the SC category 

indicating increased flexibility in cancerous multicellular structures127, indicating an increased sign of 

malignancy128.  

During the formation of Vero monolayers a stage can be observed when cells are widely spread 

compared to other levels of organization. A similar tendency in the SCFS parameters was observed 

between the Vero sparse and tight ML cases, but the Acs values of Vero sparse ML cells exceeded all 

other categories. In the case of the Vero TOP and HeLa TOP cells (seeded cells on the top of Vero 

monolayer) significant difference in the Fmax (p<0.05) favoring HeLa cells, and also HeLa TOP cells 

were observed to have significantly smaller cell areas (Acs) compared to Vero cells in the same setting. 

However, by comparing Vero and HeLa SC cells no statistical difference was found. Still, a rising 

tendency can be seen in the Sc (Fmax/Dmax,) of Vero cells, meaning that cells have a higher elasticity in 

the ML compared to SC and ISL states (Fig. 23B). Another explanation for this trend of the Sc can also 

be explained with the pulling of the interconnected ML upon detaching a cell, and so pulling does not 

affect the cell simply as a unit but as a layer. As it was previously observed, HeLa cells do not initiate 

the development of strong intercellular connections, but the significant differences in Sc values between 

HeLa ISL and CFL cells suggest some kind of support mechanism. Furthermore, the Sc shows also a 

significant difference between HeLa TOP and Vero TOP cells, which is attributable to cancer cells 

requiring a higher elasticity during the invasion of a tight monolayer.  

Vero cells detached from the TOP of the ML show a substantial difference to Vero SC cells 

since the TOP cells have smaller SCFS parameters. As an explanation, the different bidirectional 

mechanical properties of cells and different substrates can be listed129, which is gelatin in the case of 

SC, and cellular ML in case of TOP cells.  

A study on HUAEC cells with FluidFM revealed EMT influence on cell-matrix and cell-cell 

SCFS parameters, where also the cell-cell connection development of the endothelium was tested22. 

According to Sancho et al. by directly subtracting averaged individual single-cell forces from averaged 

detachment forces of monolayer origin the averaged cell-cell contact strength can be assumed. This 

calculation proposal, resulted in 1024 nN average ML force and 316 nN average SC force in Vero cells 

based on the above results. Upon subtracting the values from each other 707 nN averaged cell-cell 

adhesion forces was yielded for the tight ML structure, which number is approximately two times larger 

than the value calculated by Sancho et al. When looking at the morphology of the compact Vero and 

HUAEC layers there is a substantial morphological difference since epithelial Vero monolayers are 
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cuboidal (box-shaped) formed, while endothelial cells are squamous (flat). This means that in general 

epithelial Vero cells organized to MLs have elevated cell-cell borders compared130. However, the 

calculation process based on averaging has a severe limitation, namely, the data of individual single-

cells will be disregarded during the averaging, so parameter distributions can’t be analyzed. In regard 

of cell-cell contact forces other factors must also be taken into account: 1) cell adhesion and traction of 

single-cells can be influenced by cell cycle depending events105,106,108,109,131,132; 2) the area of cells 

influences focal connection numbers and also the distance between individual cell-matrix contacts. 

Single-cells and cells of monolayer origin have significantly different areas; 3) single-cell data will be 

lost when subtracting a defined subgroup’s average from another subgroup’s average; 4) the 

arrangement of actin filaments and so a cell's mechanistic properties are influenced by cell-cell contacts, 

which are non-existent in single-cells88,90.  

Therefore, based on experimental data, a novel system is here introduced to address the 

important question of intercellular adhesion force and energy. Also, the proposed methodology 

considers the area and perimeter of individual cells in tight ML conformation. An ideal starting point is 

the result based area-normalized force (Fmax/Acs) and energy (Emax/Acs) to derive intercellular contact 

forces and energies. In ML formation both of these parameters are significantly higher (p<0.0001) than 

of SC origin, as it was shown. Furthermore, they are also substantially higher compared to ISL and 

sparse ML assemblies. The Acs normalized values represent a cell’s force (f) and energy (e) surface 

density. Based on the proposed model, the SCFS parameter Fmax consists two parts, labeled as the cell-

cell and the cell-substrate contact adherence (Eq. 8).  

𝐹𝑚𝑎𝑥 = 𝑓𝑐𝑠 ∗ 𝐴𝑐𝑠 + 𝐹𝑐𝑐     (8) 

For cells picked up from tight monolayer, Fcc is the force between the recorded cell and the 

direct neighboring cells, and Acs is the contact area between the cell and the substratum. A similar 

equation is established for the adhesion energy as well (Eq. 9). 

 𝐸𝑚𝑎𝑥 = 𝑒𝑐𝑠 ∗ 𝐴𝑐𝑠 + 𝐸𝑐𝑐    (9) 

Based on the results, averaged cell-substratum force and energy surface densities show 

similarities in the SC, ISL, and sparse ML state, and assuming that their value is alike, so in the case of 

the Vero cells in the sparse and tight ML conformation the fcs and ecs can also assumed to be alike. 

Therefore, this assumption, the involvement of the separate cell areas of the tight Vero ML cells and 

the introduced Eqs. (8 and 9), in the case of the tight Vero ML the adhesion force and energy can be 

separated into the two partitions. Upon applying the assumption in Eq. 8 and 9, and considering the 

individual cell areas, the average intercellular adhesion force of 523 nN and average intercellular 

adhesion energy of 18.5 pJ was defined (Fig. 24).  

By observing that the here presented values are larger than those derived by Sancho et al22, the 

origin of the intercellular adhesion force and energy must be investigated. An explanation of this 
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difference is the greater intercellular surface contact area of the cells in the cuboidal Vero ML in contrast 

to the squamous HUAEC layer (Fig. 24G.). Furthermore, by determining the individual cell perimeters, 

it is possible to derive force and energy contribution to a unit contact length. Upon involving the 

respective cell perimeters (Pc), and also by using 4.75 micrometers as averaged cell contact height (hcc) 

based on recordings from digital holographic microscopy (Fig. 24H) the averaged intercellular contact 

force (Fcc) and energy (Ecc) for a unit intercellular contact area (Acc) could be calculated (Eq. 10), where 

Acc=hcc*Pc. The following results could be determined: 0.67±0.5 nN/µm2 (6.7x10(- 4) N/m2) cell-cell 

contact force density and 0.02±0.015 pJ/µm2 (2x10(-8) J/m2) cell-cell contact energy density per unit 

area on average. These calculated values are around 3 times higher than the recorded cell-substratum 

contact force and energy densities of the Vero SC, ISL, and sparse ML states. 

 𝐹𝑐𝑐 = 𝑓𝑐𝑐 ∗ ℎ𝑐𝑐 ∗ 𝑙𝑐     (10) 

 

Figure. 24. Box chart distributions of the total, cell-substratum, and cell-cell forces and energies of Vero cell from 

tight monolayers. Based on the proposed formalism, cell-substrate forces (A, Fcs) and energies (B, Ecs) are a 

fraction of the total cell detachment forces (A, Fmax) and energies (B, Emax) of cells from the monolayer and have 

a similar average compared to cell-cell (Fcc, Ecc) values. By determining the perimeter and the average cell-cell 

contact, height force and energy densities can be calculated (C-F). G, The morphological distinctions of the 

endothelium and kidney epithelium, which yield a difference in cell-cell adhesion properties due to the differences 

in cell-cell contact height. H, The cell-cell contact height for the kidney epithelium (Vero) was determined using 

phase holographic microscopy. (Reproduced from Nagy et al, 2022124) 

The presented adhesion development visible in the SCFS parameters of the kidney epithelial 

Vero cells and cancerous HeLa cells with special regard to the area and perimeter of individual cells is 

adequate of determining the force and energy surface densities of single-cells. Based on the fact that 

the force and energy surface density of Vero cells detached from tight ML is substantially higher 

compared to measured cells from SC, ISL, and sparse ML conformations, the introduction of an 
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equation was necessary, which involves independent cell areas from the tight ML, to yield cell-

substratum and cell-cell contact forces and energies.  

Summarized, with the help of cellular perimeters and average intercellular contact height of the 

investigated Vero monolayer allowed the calculation of cell-cell contact force and energy surface 

densities. Based on the results, a tremendous role can be attributed to intercellular contact in the case of 

simple cuboidal epithelium (Vero), which adhesion is substantially larger compared to cells of only 

focal adhesion presenting cellular states (SC, ISL). Because of intercellular adhesions the tensions 

propagate over several cell widths, and therefore, the monolayer elasticity is two orders higher than the 

elasticity of cells without additional contacts133,134. According to this finding, in monolayer 

conformation the cells could double in length before rupture of intercellular junctions and detachment 

of the cell. It was found that serotonin release in the gastrointestinal-tract epithelium (enterochromaffin 

cells) is mechanosensitivity based135. Still, the kidney epithelium (Vero cells) are exposed to external 

effects and forces, so the role of intercellular connectivity in the dependence of kidney function is of 

importance. The here presented investigation and results also show a relevant methodology on this 

subject. 

Based on the observed SCFS parameters cancerous HeLa cells show reduced variability. 

However, between HeLa SC and CFL state some differences are visible, giving an impression of strong 

cell-cell contact abundance. In this aspect this proves cancer cells uniqueness, since their adherence and 

survival is irrespective of colony formation. Elaborating further, HeLa cancer cells seeded and detached 

from the top of the Vero ML have substantially higher adhesion upon comparing them to Vero cell 

detachment also from the top of the ML. As conclusion it can be stated that adherence of cancer cells 

presents essential proteins to form strong intercellular connections in order to invade monolayers. Based 

on the literature special proteins (VCAM, PECAM, ICAM, EPCR, TM-integrin) are needed for cell-

cell adhesion between white blood cells or cancer cells for endothelial attachment or to exit the 

bloodstream136,137. Based on the results, membrane proteins promoting exceptional large adhesion of 

HeLa cancer cells are present on the apical surface of Vero cells138,139. In contrast, Vero cells do not 

attach as strong as HeLa cancer cells to the monolayer because HeLa cells may have a ligand on the 

apical Vero monolayer surface enabled by unique composition of integrin molecules. In order to further 

investigate cancer cell invasion a potential targeting of this selective ligand-receptor interaction could 

elucidate its role and behavior in metastasis formation.  
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2.5. Observation of HeLa cancer cell invasion into epithelial Vero monolayer 

with Holomonitor 

The digital holographic microscopy-based Holomonitor M4 (HM) instrument is a versatile tool 

equipped with powerful software and a motorized xy-stage, which enables simultaneous recording of 

many wells located on a standard polystyrene tissue culture plate. The software of the HM records the 

phase shift of the specimen in given timepoints and calculates the specimens' (e.g., cells) morphological 

and motility parameters. In this context, the HM was applied to detect HeLa cancer cell invasiveness 

into a confluent monolayer of Vero cells seeded on a gelatin-coated dish (Fig. 25). Both the assembly 

of the Vero monolayer and the invasion of the HeLa cancer cells into the layer was monitored for 24 

hours. It was observed that invasion can be characterized by HM based on the drop of morphology 

parameters (e.g., volume), due to the vanishing of the cancer cell invading the underlying monolayer. 

It was also found that there is a linear correlation between motility, the time of the invasion, and the 

speed of invasion. The results highlight the usability of HM for cancer cell invasion-related research 

since they show how invasive versus non-invasive cells behave on a confluent epithelial monolayer, 

which could help future investigations in drug development in a label-free and high-throughput manner. 

 

Figure 25. Outline of the design, implementation and results of the holomonitor experiments. A) Vero cells 

(green) were seeded on the gelatin-coated petri dish. B) HeLa cells (red) were seeded on top of the self-assembled 

100% confluent Vero monolayer (ML). C) Holomonitor M4 was used to image both monolayer assembly, and 

HeLa cell invasion for 24 hours. D) Illustrated expected result, the cancerous HeLa cells seeded on top of the 

epithelial Vero monolayer invade by searching for optimal infiltration positions. (Reproduced from Nagy et al, 

2022140) 
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2.5.1. Detection of invasion based on morphology and motility parameters 

The experimental results observed that on the confluent monolayer, some of the implanted 

HeLa cells make an invasion, other HeLa cells are non-invasive and remain on top of the monolayer 

(and only migrate or divide) during the monitoring period.  

The confluence of the epithelial Vero monolayer is also quantitatively investigated and on 

Fig. 26 the formation of the monolayer is shown in real-time. Full confluence was achieved in 1200 

minutes (20 hours). After this state was reached, HeLa cells were added in all cases. A total of 20 HeLa 

cells seeded on top of the Vero monolayer were selected for evaluation from a 24- hour window. The 

n = 20 investigated HeLa cells contained n = 12 invasive and n = 8 non-invasive HeLa cells, and their 

parameters such as area, optical volume, motility, migration, motility speed, and migration directness 

were obtained. Of the 20 HeLa cells, three invasive and three non-invasive HeLa cells were selected 

for visualization. These 3-3 cells had similar morphological characteristics, but their behavior could be 

used to distinguish between invasive and non-invasive types of cells. Loss of signal is a particular 

feature of invasion, as the software can no longer track the desired cell, which becomes 

indistinguishable from the monolayer below. It is worth noting that the non-invasive cells remain on 

top of the monolayer by being visible as they do not fuse, while the invasive cells find a place to infiltrate 

the monolayer in the observed time frame.  

The results show that the phase shift, area, and optical volume contain a drop in the signal 

characteristic of invasive HeLa cells (Fig. 27). On average, the motility describing the total distance 

traveled by the cell increases linearly, even when comparing individual invasive HeLa cells to the 

average of non-invasive HeLa cells. However, the loss in the signal is essential in the sense of data 

analysis since it marks the final spot and time of the invading cell. It is important to note that invasive 

and non-invasive HeLa cells cannot be distinguished by parameters such as migration rate and direction 

of migration. The indirectness of migration also demonstrates that the cells were free to migrate on the 

Vero monolayer, as its value is below 0.5 (Fig. 27). 

A detailed analysis of the adjacent HeLa cells revealed that the area of non-invasive HeLa cells 

remained unchanged over the same period, while the observed area of invasive HeLa decreased (Fig. 

28). It is worth pointing out that the area and the optical volume are the parameters analyzed here, which 

are calculated by the evaluation software based on the phase shift of the laser beam. Although 

fluctuations are observed in the measured signal, a linear fit to the pre-invasion phase shows that area 

and volume do not change much during this period (Fig. 27). So the sudden reduction in measured 

area/volume can be directly linked to the invasion of these cells. The tracking curve describes the 

migration of cells along the xy-plane, which shows the invasive cancer cells looking for the optimal 

location for invasion, which is shown as the invasive cell circling around a possible point (Fig. 29). It 

was observed that when the cells reach the invasion point, migration is reduced to a few micrometers 

(Fig. 30). Noteworthy, the cross-section of the invasion cell showed that the invasive HeLa cell was 
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able to fill the gaps. The tracking shows that the invasive HeLa cell orbits around a patch that appears 

to be the ideal part of the underlying confluent monolayer to perform the invasion. This position can be 

considered as some sort of gap (as seen in Fig. 28) when interpreting the cross-section of the HeLa cells 

and their vicinity. A 50 µm cross-section of the cell was taken, showing a slight difference between the 

levels of the adjacent cells. The gap can be seen on the right side of the cross-section compared to the 

left side, which can be considered as level 0 (Fig. 28). This gap gradually fills and rises during the 

invasion, which means that the invasion cell infiltrates the layer, creating a coarser texture. 

The experiments were repeated several times, with both cell lines undergoing a minimum of 2-

3 passages. The behavioral characteristics of the cells, especially the holographic microscopic signals 

of cancer cell invasion, were well reproduced. To highlight this, additional data and relevant analyses 

are shown in Fig. 30A-C. In addition, the invasion of HeLa cancer cells into monolayers can be 

followed by examining the confluence of the seeded cells. Initially, there is a certain number of cells in 

the field of view of the holomonitor, which decreases immediately and continuously until a certain time 

point, as shown in Fig. 30D. But as the non-invasive cells remain on top of the monolayer, confluence 

begins to increase due to cell division above the monolayer. The instrumental signals are well 

representative of mitotic events. Interestingly, the daughter cells of dividing HeLa cells tend to stay 

close to each other and fusion and then divide again as they migrate further on top of the monolayer 

shown in Fig. 30E. 
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Figure 26. Vero epithelial monolayer maturation and HeLa cell invasion from phase holographic microscopy. 

After 1200 minutes it was recorded and verified with HM that the epithelial Vero monolayer grew to 100% 

confluency (A). B-D) Seeding, migration, and invasion of HeLa cells (0-12-24 hours); After 12 hours of recording 

(C), some cells vanish from the observation window because of invasion and migration outside the frame. After 

24 hours of seeding the HeLa cancer cells, the smooth Vero monolayer (D) became textured and rough. Black 

arrows indicate the three invasive and red arrows with yellow outlines indicate the three non-invasive HeLa cells 

selected for detailed analysis. (Reproduced from Nagy et al, 2022140) 
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Figure 27. Real time holomonitor recordings of phase shift (A), area (B), optical volume (C), motility (D), motility 

speed (E), and migration directness (F) of individual invasive (red, green, blue) and non-invasive HeLa cells. The 

black curve represents the mean, with the error indicated by grey drop lines. (Reproduced from Nagy et al, 2022140) 
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Figure 28. Invasive and non-invasive HeLa cells were compared. A-E) Red arrowheads with yellow outlines 

indicate the non-invading HeLa cancer cells, and black arrowheads show the invading. Using a 50 µm length 

cross-section of the same invading HeLa is presented as an inset on each picture. A decrease of the peak value is 

visible on the cross-sections, followed by a rising tendency of the average 0 level as a consequence of the 

infiltration of the cancerous HeLa cell into the gap. F) shows the area over elapsed time since seeding. An indicator 

of invasion is the drop in the parameter, and the blue lines correspond to A-E 3D images presenting the stages of 

invasion: A) 20 min, B) 190 min, C) 240 min, D) 255 min, and E) 270 min. (Reproduced from Nagy et al, 2022140) 
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Figure 29. The tracking and movement of invasive (black) and non-invasive (red) HeLa cells. Each graph presents 

the cells’ position at a specified time elapsed since seeding: 190 min, 240 min, 255 min, and 270 min. The invasive 

cell circles around the optimal possible location for infiltration of the underlying Vero monolayer. (Reproduced 

from Nagy et al, 2022140) 

 

Figure 30. The same tendency in the phaseshift (A) and morphology parameters area (B) and volume (C) is shown 

by repeated experimental results. Invasive and non-invasive behavior is expressed by the HeLa cells seeded on 

top of the monolayer. The non-invasive cells divide after a certain amount of time, predictable by the periodicity 

of the cell-cycle, which is visible in the occupation and confluency by HeLa cells on the monolayer over time (D). 

Special morphology and movement characteristics are shown after division by non-invasive dividing HeLa cancer 

cells. The daughter cells remain on top of the epithelial Vero monolayer, do not invade, and fuse then separate 

multiple times, which can be observed by morphology parameters such as area (E). (Reproduced from Nagy et al, 

2022140) 
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2.5.2. Correlation of invasion speed and time of the invasion 

A further parameter we introduced here is the speed of invasion  (Eq. 11, 𝑣𝑖𝑛𝑣𝑎𝑠𝑖𝑜𝑛), 

quantifying the speed of detected single-cell volume shrinkage in time:  

𝑣𝑖𝑛𝑣𝑎𝑠𝑖𝑜𝑛 =  |
∆𝑉𝑐𝑒𝑙𝑙

∆𝑡
|     (11) 

The assessment is performed based on the separation of the processes into phases before and 

after the phase shift, the decrease in area and the decrease in the measured signal of volume. The elapsed 

time (∆t) is necessary for the HeLa cell to infiltrate into the underlying Vero monolayer. Given that the 

morphology parameters vary between cells, it is appropriate to treat the signals according to their size. 

The origin of the elapsed drop time (∆t) is the commencement of the drop in the signal. However, for 

the determination of 𝑣𝑖𝑛𝑣𝑎𝑠𝑖𝑜𝑛 a decrease by 30% of the average value in a morphological parameter 

was used (e.g. ∆𝑉𝑐𝑒𝑙𝑙 ). It is also interesting to note that the motility, a parameter that describes the 

absolute distance traveled by the cell, is correlated with the speed of invasion. It can be noticed that the 

further a cell has moved, the smaller  𝑣𝑖𝑛𝑣𝑎𝑠𝑖𝑜𝑛 is (see Fig. 31). 

Furthermore, an interesting observation was made about the migration behavior of HeLa cells. 

The data and the plotted graphs indicate that there are two distinct phases in the migration of cancer 

cells through the monolayer. The two phases, movement phase (𝑡𝑚), and lock-in phase (𝑡𝑙), are 

particularly visible in the invading type of HeLa cells. Invasive HeLa induced cells show a decrease in 

phase shift, area and optical volume of morphological parameters, which is synchronized with the lock-

in phase of the cells, in opposition to the motion phase, where these parameters are stable, and the 

deviation is small. We hypothesize that the cancer cell in the movement stage is looking for a possible 

site of invasion in the underlying monolayer. The change (Q) in the movement phase and the lock-in 

phase can be quantified by dividing the cell area (∆𝐴𝑐𝑒𝑙𝑙) with the total displacement (∆𝑟) of the cell 

during an observed phase (𝑡𝑝ℎ𝑎𝑠𝑒) (Eq. 12). Therefore, the movement phase has a lower Q value than 

the fixation phase, where the invading cancer cell stays around a self-determined position and penetrates 

the monolayer, resulting in a decrease in morphological parameter values and eventually loss of signal 

(Fig. 31). 

𝑄 =  |
∆𝐴𝑐𝑒𝑙𝑙(𝑡𝑝ℎ𝑎𝑠𝑒)

∆𝑟(𝑡𝑝ℎ𝑎𝑠𝑒)
|     (12) 

The example in Fig. 31 shows invasive HeLa cell #1 during the movement phase (red, 0<t<165 

min) ∆𝐴𝑐𝑒𝑙𝑙(𝑡𝑚) = 82.97 µm2 and ∆𝑟(𝑡𝑚)=28.48 µm yielding Q = 2.91 µm, however, in the lock-in 

phase (green, 165<t<270) ∆𝐴𝑐𝑒𝑙𝑙(𝑡𝑙) = -179.4123 µm2 and ∆𝑟(𝑡𝑙) = 5.05 µm yield Q = 35.53 µm. This 

kind of assessment shows that the invasion of a cell can be quantified and that there is a relationship 

between the movement, area and invasion of HeLa cells. 
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Figure 31. A) Representative example of changes in the migration and area of invasive HeLa cell #1 in the 

movement (red, 0<𝑡𝑚<165 min) and  lock-in phase of  Vero monolayer invasion (green, 165<𝑡𝑙<270). B) Scatter 

plot illustrating the correlation between elapsed invasion time (∆t) and motility of an invading HeLa cell 

(r = 0.743; y=(-5.16)+0.915x). C) Scatter plot illustrating the correlation between invasion speed ( 𝑣𝑖𝑛𝑣𝑎𝑠𝑖𝑜𝑛 ) and 

motility (r = -0.768; y=29.29-0.111x). (Reproduced from Nagy et al, 2022140) 
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2.5.3. Discussion 

The presented model on cancer cell invasion proved to be useful in gaining information on the 

nature and features of HeLa cancer cell adhesion to confluent epithelial Vero monolayers. A cell 

invasion model to study the interaction of HeLa cell with Vero monolayers was developed to 

characterize the invasive properties of cancer cell lines. Digital holographic microscopy was found to 

be an excellent tool providing multiple parameters to describe cancer cell behavior and invasive 

properties. Changes in cell area, and motility during the movement and lock-in phase of the invasion 

were identified as parameters readily available for the detection of cancer cell invasion and allowed the 

calculation of invasion speed. 

Invasive and non-invasive HeLa cells showed no difference in motility. Cells successfully 

invading the monolyer showed decreasing cell area signals and as well a marked stall in their movement. 

These parameters can be potentially applied for automated evaluation of invasive properties of cancer 

cells or the presence and ratio of invasive cells in a complex mixture. A moderate negative correlation 

between invasion speed and motility was identified, that could be applied to detect cancer cells as longer 

cell migration likely results in lower invasion speed. These parameters have the potential to determine 

metastatic potential and evaluate anti-tumor treatment efficacy. Cancer cell invasion may occur on a 

single and a collective level as well138. In this work, I presented a method allowing invasive 

characterization of single cancer cells invading an epithelial monolayer. The invasion of single cells 

may remodel the ECM127; therefore the use of matrix-metalloprotease (MMP) inhibitors would enable 

to study if HeLa and other cancer cells can invade the monolayer regardless of secreted MMP-s96. Also, 

MMP-enhancer substances (e.g., pro-MMP-s) would show if cancer cell invasion capability is a product 

of MMP secretion and all of the cells in the view of the sensor could invade, or there may be some 

phenotypical plasticity that enabled a proportion of the studied cells to invade and another proportion 

to stay on top of the monolayer. It is essential to mention that the investigations involved two types of 

cells, namely Vero and HeLa, so future investigations with the proposed technique give the possibility 

to include other cancer cell lines to have more data on their invasive nature to enable the experiments 

of primary tumors with HM imaging and study the effect of anti-cancer51 and-metastasis drugs. The in 

vitro technique presented by us only mimics a fraction of the whole in vivo processes, so it would be 

highly desirable to refine this experimental set-up. Placing endothelial cells instead of epithelial cells 

on the surface and adding blood-related elements and substances to the culturing media would enable 

studying complex systems' behavior. For example, adding macrophages to the serum substitute would 

show their role in the intra-or extravasation of cancer cells through an endothelial barrier141,142. Also, in 

vivo cancer cells can modulate their invasion characteristics over time, suggesting certain plasticity 

during cancer cell invasion143; therefore, the proposed method can distinguish between such events (e.g., 

single-cell invasion vs. collective invasion) in vitro compared to, e.g., 3D ECM invasion assays, because 

of the real-time and label-free acquisition method of the HM instrument. Previous studies used mainly 
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applied fluorescent microscopy to characterize invasive characteristics of cancer cells on ECM derived 

surfaces (Collagen126,144,145, Matrigel146). This technique requires the application of fluorescent reagents 

that may interfere with certain physiological processes of the cells and thus change their phenotypic 

characteristics. The various techniques applied to study cancer cell invasion are summarized in Table 

8. The presented digital holographic microscopy-based method offers advantages in multiple directions. 

Its label-free detection method alleviates the burden of lot-to-lot variation, and potential interference 

with fluorescence of the reagents, nonetheless decreasing reagent costs. Moreover, characterizing the 

invasion on a tight, confluent epithelial monolayer mimic the in vivo process better. Finally, the HM 

instrument used has the potential to monitor up to 96 wells in parallel measurements on a single-cell 

level.  
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Table 8. Collection of previously published methods and results from cancer cell invasion studies. HM enables a 

real-time and label-free approach, which is optimal for detecting the invasion of cancerous HeLa cells into a 

confluent Vero monolayer grown on gelatin. 

Method Cell lines Results Advantages Disadvantages Ref. 

Time-lapse 

videomicroscopy, and 

computer-assisted 

cell tracking in three-

dimensional collagen 

matrix model 

Invasive oral 

squamous cell 

carcinoma, uctal 
breast carcinomas 

and 

rhabdomyosarcoma, 
control: normal 

mucosa 

malignant tissues can 

develop polarized cell 
clusters, cell clusters 

show directional 

migration while single 
cells show random 

movement, migration 

speed ranging from 15 
to 70 µm/h, first 

invasion occured after 3 

days, depending on cell 
type 

Primary cell were 
observed on a label-

free manner in a 

simple approach. 

Morphological 

parameters of single 

cells were not 
analyzed. Relatively  

low-throughput. 

147 

Immunofluorescent 

imaging in 3D 

microfluidic platform 

breast cancer cell 
lines :MDA-MB-

231 and MCF-7, 

HUVEC endothelial 
cells 

spontaneously formed 

vasculature enhance 
MDA-MB-231 invasion 

into the 3D stroma, 

cytokines involved in 
the process are 

identified, vessels in 

presence of MDA-MB-
231 cells exhibited 

significantly lower 

diameter, presence of 
HUVECs significantly 

increased migrating 

MDA-MB-231 cells to 
enter the vascular 

region  

Sophisticated model 

for cancer cell 
intravasation and 

invasion 

Requires a special 
microfluidic cell;  No 

single cell parameters 

extracted, not label-
free 

148 

Micro invaion chip; 

Fluorescent 

microscopy 

Breast cancer cell 

lines SUM-a59 and 
MCF-7  

Invasive capacity of 
breast cancer cell lines 

can be studied in the 

presence of inhibitors, 
blocking  macrophages 

may reduce invasive 

properties  

High-throughput; 

3D; real-time. 

No single cell 

parameters extracted, 
not label-free 

144 

Fluorescent 

microscopy 

HT-1080, LNCaP, 
Du145, PC3 , 

MBD-MB-231 
cancer cell lines 

Invasion of cancer cell 
lines from 3D spheroid 

structures into collagen 

can be quantified easily 
and effectively to 

quantitatively assess the 
invasive phenotype of 

various cancer cells as 

well as the effects of 
drugs on invasiveness  

Real-time, high-
throughput 

3D assay; anti-cancer 
drug efficacy and 

cytotoxicity can be 

determined 
simultaneously 

No single cell 
parameters extracted, 

not label-free 

145 

Transwell invasion 

assay 

Primary 

hepatocellular 

carcinoma cells and 
cell lines: 

MHCC97L, SMCC-

7721, MHCC97H 
and Huh-7 line  

Small nucleolar RNA 

host gene 20 promotes 

cancer cell proliferation 
and invasion 

Simplicity, cancer 

cell migration 
through 

polycarbonate filter 

coated with matrigel 

No single cell 

parameters extracted, 

not label-free, end-
point assay 

149 

3D-ECM 

Transmigration and 

invasion assay 

MBA-MD-231, T-

24, 786-O cancer 
cell lines and 

primary HUVEC, 

HPMEC, and 
HDMEC 

Cancer Cells with High 

α5β1 Expression 

Transmigrate More 

Efficiently Compared 

with Cancer Cells with 
Low α5β1 Expression; 

Endothelial Cell 

Stiffness Is Decreased 
by Co-cultured Invasive 

MDA-MB-231 Cells. 

Decreased stiffness and 
cytoskeletal remodeling 

due to small GTPase 

activation led to an 
increased invasion. 

Simple technique to 
monitor cancer cell 

invasion of 

endothelial cellular  

No single cell 
parameters extracted, 

not label-free, end-

point assay 

126 
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Table 8. Collection of previously published methods and results from cancer cell invasion studies. HM enables 

a real-time and label-free approach, which is optimal for detecting the invasion of cancerous HeLa cells into a 

confluent Vero monolayer grown on gelatin. 

Wound healing assay, 

Spheroid basement 

membrane extract 

invasion assay, 

proliferation assay, 

angiogenesis assay 

HT29 and HCT-116 
human colon cancer 

cell lines human 

colon tumor tissue 
samples and 

matched normal 

tissues 

Clear links between 
AQP1 activity and 

cancer cell migration 

and invasion, and 
endothelial cell tube–

forming capacity, 

indicating the 
importance of 

characterizing suitable 

AQP1 blockers 

Simplicity 

No single cell 

parameters extracted, 
not label-free 

146 

Resonant waveguide 

grating (RWG) 

Biosensor 

HT-29 colorectal 
adenorcarcinoma 

cell line 

Invasion model of 
cancer cell invasion by 

spheroidal cancer cells 

into 3D Matrigel 
structure above RWG 

sensor surface. 

Investigation of anti-

cancer treatment 

efficacy 

High-throughput; 

single cell resolution 

Real-time kinetic 
data; Label-free; 3D 

Expensive optical 
biosensor setup is 

required;. t 

50 

Digital Holography 
HeLa and Vero cell 

lines 

Invasion of individual 
cancer cells into 

cellular monolayer can 

be tracked in real time. 
Characteristic kinetic 

invasion curves of 

invasion speed, area 
and motility were 

distinguishable from 

non-invasive cells. 

High-throughput,  

real-time, label-free 
measurements are 

possible in cell 

incubator; Automated 
detection and 

tracking of single 

cells in invasion 
assays . 

Requires 

Holomonitor M4 

Present 

work 

In summary the proposed method allows fine characterization of cellular processes and changes 

of single cell parameters during cancer cell invasion. While the majority of previous approaches (Table 

8) only allow the determination of the relative number of migrating cells digital holographic microscopy 

allows real time acquisition of multiple parameters including various morphological parameters and 

motility126,144–146,148,149. Moreover, the holographic microscope, Holomonitor M4, applied in this study 

is incubator compatible and does not require labeled reagents. Since this instrument can as well handle 

96 well plates, the technology allows and can be expanded to study cancer cell invasion in a high 

throughput manner using multiple cell types and/or conditions58. 14750 
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2.6. Materials and Methods 

For the SCFS experiments the robotized FluidFM BOT/OMNIUM of Cytosurge AG. 

(Glattbrugg, Switzerland), and for the PHI experiments the M4 Holomonitor (PHI AB, Lund, Sweden) 

was used.  

The main components and setups of the robotized FluidFM include: 

 A horizontal xy-stage and an automated z-stage serving as the measurement head attached to a 

pressure control system, 

 FluidFM setup placed on a inverted optical microscope (Zeiss Axio Observer.Z1, Carl Zeiss 

AG, Oberkochen, Germany), 

 Instrument combined with the microscope placed on a vibration-free table, 

 FluidFM Probe mounted on the z-stage, which is independently moved from the xy-stage. 

Movement resolution 1 nm, 

 The FluidFM Probe consists of a plastic holder including a fluid reservoir to which the silicon-

nitride cantilever is bonded, 

 For calibration purposes FluidFM micropipette cantilever with 2 N/m nominal spring constant 

of 2, 4, and 8 µm, and for the SCFS recording micropipette with 8 µm aperture size was used. 

The M4 Holomonitor is placed inside a humified incubator, which allows to continuously record 

cell movement and morhphology changes for a long period. The stage of the M4 Holomonitor enables 

simultaneous imaging of 96 different wells; however, in the here presented setting only a single dish 

was used to record cancer cell invasion processes. 

2.6.1. Cell culture techniques 

For in vitro recordings HeLa Fucci (RCB2812, RIKEN BRC), Vero (ATCC CCL81) and HeLa 

(ECACC 93021013) cell cultures were used. Cell cultures were kept in a humidified incubator at 37°C 

and 5% CO2. The culturing medium consisted: 

 For culturing, completed culture consisting of Dulbecco's modification of Eagle Medium 

(DMEM, Gibco) extended with 10% heat-inactivated fetal bovine serum (FBS, Biowest), 

 4 mM L-glutamine, 

 100 U/ml penicillin, 

 100 µg/ml streptomycin, and 

 2 mM L-glutamine (specially for Vero cells added into the DMEM),  

 sodium pyruvate (specially for Vero cells added into the DMEM), and 

 MEM non-essential amino acid solution (specially for Vero cells added into the DMEM). 

The use of cell seeding for the experiments cells were picked up from confluent cell cultures after 

rinsing with DPBS. Then to detach cells from the tissue culture dish 0.05% (w/v) trypsin- and 0.02% 
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(w/v) EDTA-DPBS solution was added for 2 minutes. For the FluidFM experiments with HeLa Fucci 

cells were picked up in a 1 ml culture medium, and 50 µl of cell suspension containing ~1.5x105 cells 

was transferred to each well of a 6-well tissue culture plate filled with a completed culture medium. 

Cells were allowed to adhere for strict 24 hours in the incubator before starting the experiment. 

For Vero and HeLa FluidFM experiments cells were detached in the same manner, and to create 

different confluence levels 250-100-50 µl of the cell suspension was added to separate wells of the 

previously gelatin-coated 6-well dish. Gelatin coating was achieved by adding 0.02% gelatin-DPBS 

solution freshly prepared to wells of the 6-well non-coated plate. The plate was then placed into the 

humidified incubator for 20 minutes at 37°C. Afterwards The coated dish was then rinsed 3x with PBS 

and filled with 3 ml of completed culture media until utilization. By Debreczeni et al. the thickness of 

the layer was characterized with QCM, OWLS, EPIC BT biosensor, and AFM, and its thickness was 

measured to be around 10 nm82. Cells were allowed to adhere for strict 24 hours before the recoding 

session, and for the experiments HPMI buffer was utilized: 9 mM glucose,10 mM NaHCO3, 119 mM 

NaCl, 9 mM HEPES, 5 mM KCl, 0.85 mM MgCl2, 0.053 mM CaCl2, 5 mM Na2HPO4×2H2O, pH 7.4. 

To test Vero and HeLa cell adhesion to Vero monolayers the cells from separate culture dishes were 

detached from the plate with the same process above. By washing them off with 1 ml culture media, 

the cells were then centrifuged for 5 min on 200xg (Beckman Coulter Allegra X-30r), after which the 

supernatant was sucked off to remove remedies of trypsin-EDTA from the cells. After centrifugation 

cells were resuspended in 1 ml HPMI buffer and 100 µl of the cell suspension was pipetted directly on 

top of the confluent Vero monolayer. Prior to cell addition Vero monolayer was washed once with 

DPBS to remove detached cells and HPMI buffer was added to the wells. Before recording cells were 

allowed to sediment for 30 minutes. 

For the PHI experiments a 0.5% gelatin coating was carried out on a 35 mm glass-bottomed dish, 

cell handling, all other handling methods are the same as described above. To create a confluent Vero 

monolayer 200 µl cell suspension (~6x105 cells) were added to the 35 mm 0.5% gelatin-coated dish. 

After 24 hours spent in the humidified incubator the cells formed a 100% confluently layer seen on Fig. 

25. For the imaging of the invasion of HeLa cells, the established confluent Vero layer was rinsed to 

wash off floating cells, and then 100 µl HeLa cell suspension (~1.2x105 cells)  was added on top of the 

fully confluent Vero monolayer (Fig. 24). During the imaging the special HoloLid was used to cover 

the experimental dish, which was cleaned according to the manufacturers manual. The recording of the 

invasion was carried out for 24 hours.  

2.6.2. FluidFM calibration workflow 

Calibration of AFM cantilever is usually carried out on a clean silicon wafer, so for the 

calibration of FluidFM cantilevers a piranha solution cleaned silicon wafer was superglued to the 

bottom of a Corning non-coated 6-well polystyrene plate. FluidFM probe was positioned by inverted 

optical microscope. The force feedback mechanism of the system was applied in case of the Si wafer 
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surface. For the experiments the cantilevers were pressed against the surfaces to record the approach 

and retract phase of the deflection curves to allow the built-in system to determine the InvOLS. MQ-

water was used to fill the cantilevers and as medium. The ARYA software enables the precise 

determination of the laser spot position on the cantilever. Calibration was performed with changing the 

laser position by 10 and 1 µm increments moving from the tip to the base of the cantilever. Spring 

constant in each position was automatically determined by the ARYA software applying the Sader 

method. Here, parameters were kept constant, and the standard error of the spring constant determined 

at each laser position was below 3%. Approximately 2400 deflection curves were determined, and fitted 

curves were inspected manually where ~5% of the InvOLS values were determined as non-reliable and 

were therefore excluded from further analysis. Standard deviation of the InvOLS values were calculated 

based on 10 deflection curve in each position are shown in the figures. 

2.6.3. FluidFM SCFS recordings 

The FluidFM cantilevers must be filled with buffer to record SCFS curves, by filling the fluid 

reservoir with 1-2 µl, and by adding pressure onto the system. Before recording one must be sure to: 

 Obtain the thermal noise spectra of the cantilever in order to calculate the k, and to 

 Calibrate the InvOLS before each measurement cycle. 

Thus, the measurement cycle is the following: Obtain thermal noise spectra (once), calibrate 

InvOLS (before recording), target cell, select cell, perform SCFS recording, clean the cantilever, repeat. 

For SCFS recording the following parameters were set: set-point: 20 mV, approach and retract speed: 

1 µm/s, pressure: -500 mBar, pause: 5 s, retraction distance: 150 µm.  

During in vitro recoding of living cells cellular debris can get attached to the aperture of the 

FluidFM cantilever. The robotized FluidFM platform allows the simultaneous use of two standard size 

plates. Therefore, one plate is usually the specimen containing plate, while the other is utilized for 

cleaning purposes. The cleaning plate must contain multiple wells with MQ-water and two wells with 

5% sodium-hypochlorite solution. After the cell is detached from the substratum during a recording, 

then a maximal positive pressure must be added onto the system, and the cantilever must be immediately 

moved to the cleaning plate. For the cleaning of the FluidFM cantilevers the cantilever must be dipped 

in MQ water first, and the pressure must be set to zero to completely wash off buffer remedies, which 

can interact and form crystals with the 5% sodium-hypochlorite cleaning solution. After two round of 

MQ-water dipping, the cantilever must be dipped into sodium-hypochlorite as long as the cell is still 

attached to the cantilever. This step must then be followed by multiple round of MQ-water dipping, so 

the cell culture is not terminated by remedies of the sodium-hypochlorite. Note, that un-coated (naked) 

FluidFM cantilevers can only be used for this cleaning, coating of cantilevers require a different 

approach, since coating can interact with the sodium-hypochlorite. 
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2.6.4. Data evaluation of SCFS recordings 

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 

evaluation125. Cell-substrate contact area (Acs) and cell perimeter (Pc) were determined in CellProfiler150, 

which is capable of switching between images and saving the results automatically 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 µm2 and the length of a pixel is 2.25 µm. Data plots and significance tests were 

performed in Origin 9.5. Since the obtained data is rather log-normally distributed for all parameters, 

but the subpopulation sample sizes indicate to use a statistical test designed for normally distributed 

data, for the final evaluation the Kolmogorov-Smirnov test (two-sample, unpaired) was applied. 
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3. Summary and outlook 

The proposed Thesis „In vitro living cell studies on high-throughput nanofluidic force microscope 

(FluidFM) and phase holographic imaging” is a large-scale multidisciplinary work. It incorporates the 

enhanced calibration methodologies of FluidFM cantilevers for the sake of precise SCFS 

measurements, the development of a custom-made software specially designed for the analysis of FD-

curves and determination of accurate InvOLS values from FluidFM recordings, the high-throughput 

measurement of single-cells with FluidFM to examine their distributions and access fundamental 

differences between cell populations, and a proposed methodology with PHI to investigate cancer cell 

invasion. 

The results have significance in single-cell investigations since they propose multilayered 

approaches, which under in vitro conditions are hard to measure and quantify. The establishment of a 

straightforward calibration process also enables the FluidFM user community to gain reliable data from 

SCFS recordings with the help of the free access NBS-FDcurve custom software. The main results of 

the thesis can be summarized as the following: 

1. A reliable calibration methodology of FluidFM cantilevers was proposed. 

2. It was proved that spring constant determination with the Payam-method yields more accurate 

results in the case of the arbitrary, non-conventional FluidFM cantilevers than the Sader-

method. 

3. A custom-made software was published, allowing linear InvOLS fitting of deflection curves 

and fast FD-curve evaluation. 

4. It was shown that HeLa Fucci cells adherence is significantly different in the M-phase, resulting 

from the reticular adhesions. 

5. A novel SCFS parameter, namely the spring coefficient, was introduced corresponding to the 

elasticity of a cell. Cells from HeLa Fucci adhesion measurements have shown that the M-

phase cells are significantly stiffer. 

6. The cell-cell contact strength and energy per unit area, aka. surface density contact force and 

energy were determined for epithelial Vero cells. 

7. It was shown that HeLa cancer cells had enhanced adhesion capabilities to tight Vero 

monolayers using multilayer approach and high-throughput FluidFM. 

8. The non-existent intercellular contact of HeLa cancer cells was proved. 

9. A novel method was established to investigate cancer cell invasion into confluent monolayers 

using PHI and gain information on their morphological and motility features. 

10. It was found that cancer cells seeded on top of the confluent monolayer divide into non-invasive 

and invasive subtypes, and it is possible to distinguish them based on quantified parameters. 

11. It was shown that the invasion speed of a cancer cell into the underlying monolayer correlates 

with a negative linear slope to the distance covered by a migrating cancer cell. 
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These results highlight the robustness of these technologies, which can provide single-cell data in 

a high-throughput and precise manner. As it was shown in the Introduction, both of these techniques 

(FluidFM and PHI) have immense potential, enabling multiscale research and development. As a 

heritage of the Thesis, I propose novel methodologies, such as 

 The study of transendothelial migration of cancer cells measured with FluidFM under steady 

fluidic flow, where FluidFM cantilever access granted half-pipes are etched into a custom made 

plate and covered with ECM mimicking gels supporting an endothelial cell layer. The in vivo 

processes of cancer cell extravasation could be studied upon adding cancer cells to the fluidic 

flow. 

 The extraction of genetic material from the nucleus or the cytosol during the invasion or 

transendothelial migration from the infiltrated layers with FluidFM would enable the 

multiplexing of gene expression patterns created by these events. 

 The presented exemplified methods can access the intercellular connectivity of blastocysts and 

epithelial cells of the uterus, and infertility-causing agents or circumstances could be quantified. 

 The PHI tool enables the use of motorized xy-stages, which facilitate anti-cancer drug screening 

using the proposed multilayered observation method. 

However, it is well known that the mind of humankind has endless potential, and I hope that my 

research will contribute to far more advanced findings than I can currently imagine. 

„...a shining example of the deplorable contingency of existence is that we like it, 

we dislike it, we are born at a certain age, and we are prisoners of it. This gives 

one an unfair advantage over the past and makes it a clown in the eyes of the 

future.” – Daniel Kehlmann 
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4. New Scientific Results 

Thesis I. 

The inverse optical sensitivity (InvOLS) in Hooke's law used by cellular force spectroscopy 

to calculate the adhesion force is a harmonic function of the positioning laser for FluidFM 

cantilevers, which affects InvOLS depending on its position. A laser positioned on the 3rd row of 

pillars of the FluidFM cantilever is suitable for InvOLS calibration. 

• I have shown that positioning the laser along the longitudinal axis of the cantilever can 

result in a ±30% deviation from InvOLS. The InvOLS value of the cantilever shows a 

periodic oscillating character, which varies according to the supporting pillars inside the 

FluidFM micropipette cantilever, and its half-wavelength of the periodicity coincides with 

the position of the pillars in the structure. 

 

• I have shown that the value of InvOLS in the vicinity of pillars 1 and 3 has a local minimum, 

according to which the calibration of the cantilever is possible at these points in order to 

measure the optimal deflection and sensitivity. 

Related publications: L1, K2 

Thesis II. 

For FluidFM cantilevers, Hooke's law is used by cellular force spectroscopy to calculate 

the adhesion force, incorporating the spring constant (k) for the calculation, which is a harmonic 

function of the positioning laser depending on its position. For calibration of the FluidFM 

cantilevers k, a laser positioned on the 1st row of pillars gives the optimal results. 

• I have shown that positioning the laser along the longitudinal axis of the cantilever can 

result in a deviation of -13 / + 20% in the value of the k. 

 

• I have shown that the deviations of the spring constant during the calibration are caused by 

the inaccurate determination of the FWHM of the resonance peak used by the Sader 

method. I have shown that due to the noise, the spring constant can be optimally calibrated 

with a laser positioned on the 1st row of pillars of the FluidFM cantilever 

 

• I have shown that ± 20% deviations from the observed InvOLS and k calibrations in single-

cell force spectroscopy measurements can cause -50/+100% in Young's modulus. 

 

• I presented the error resulting from the calibration of k by the Sader method, which can be 

derived from the hydrodynamic function describing the behavior of the cantilevers and the 

Q-factor. With the experimentally determined resonance frequencies, I showed that 

Payam’s method is suitable for the laser spot position-independent and precise 

determination of the spring constant of FluidFM cantilevers, which eliminates the Q-factor. 

The regression coefficients of the hydrodynamic function describing the behavior of the 

FluidFM cantilever were also determined from the experimental resonance frequencies. 

Related publications: L1, L2, K1, K2 
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Thesis III. 

The HeLa Fucci cancer cell line was proved to be an efficient candidate to investigate cell-

cycle dependent adhesion mechanisms recorded with high-throughput FluidFM. Foremost it was 

shown that the measured single-cell force-spectroscopy (SCFS) parameters have a specific 

distribution in the general population and the cell-cycle phase derived subpopulations as well. 

Phases of the cell cycle influence cell areas, SCFS parameters, and the relation of these 

parameters. The introduction of a novel coefficient enabled the visualization of a cell’s elasticity 

during the different phases. 

• I have shown that high-throughput FluidFM investigation of HeLa Fucci cancer cells 

presents a lognormal distribution in all SCFS parameters and cell area, even in the total and 

the sub-populations corresponding to cells with various colors. 

• I presented, that during the colorless phase (M-phase), a cells' area is reduced due to the 

mitosis, and reaches the maximal attachment force Fmax at shorter pulling distances than 

cells with a larger membrane and cytosol (e.g., yellow or green phase). 

• I have shown that the significant difference in the Fmax/Acell parameter between colorless 

and green/yellow cells is a newly discovered phenomenon. This finding can be explained 

by the presence and expression of αVβ5 integrins and reticular adhesion proteins during the 

M phase of the cell. Therefore, reticular adhesion complexes exert the same amount or even 

more force per unit area than focal adhesions. 

 

• I have introduced a novel parameter: the spring coefficient (Sc) of a cell, derived from the 

fraction of Fmax and Dmax parameters, which corresponds to the mean elasticity. I have 

determined that the Sc is significantly larger in the colorless cells compared to other color 

phases, meaning that cells in the M phase have smaller deformation capabilities. 

Related publications: L3 

Thesis IV.  

African green monkey epithelial cells (Vero) and cancerous HeLa cells have different 

single-cell force-spectroscopic (SCFS) characteristics by quantifying the differences between 

compact epithelial cell layers and purely cancer cell lines with high-throughput FluidFM. The 

invasive forces of cancer cells can be observed by placing them on top of the compact Vero 

monolayer. 

• I have shown foremost that the assembly of epithelial Vero layers undergoes a maturation 

process, where individual cells seeded on cell culture plates become islands, then a scattered 

layer, and their growth eventually creates a tightly sealed monolayer. 

 

• I showed that the observed assembly levels have significantly different force spectroscopic 

properties. An increase of 430% in the Fmax, and a 960% in the Emax parameter was recorded 

between the epithelial Vero single-cell and the tight monolayer state. In contrast, 

statistically, no difference was observed between HeLa cells at these grouping levels in a 

similar arrangement with a few exceptions. 
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• I have presented a novel method to address cancer cell attachment to monolayers. The 

invasive force of cancer HeLa cells placed on top of the compact Vero monolayer is well 

observed. By comparing the HeLa cells to Vero cells detached from the top of the Vero cell 

layer, we find stronger binding forces and greater cell elasticity. 

 

• I have introduced a novel equation to determine cell-cell contact force and energy, and also 

the cell-cell contact force and energy density per unit area. The cell-cell contact force and 

energy per unit area were determined for individual cells detached from the tight Vero 

monolayer, which yielded 6.7x10(- 4) N/m2 contact force density and 2x10(-8) J/m2 contact 

energy density. 

Related publications: L4, K4 

Thesis V.  

The formation of the Vero compact cell layer and the subsequent invasion of the HeLa cancer 

cells placed on it can be observed by digital holography. The novel method enables the access to 

morphological and motility parameters characteristic of the invasion process. By extracting these 

parameters the occurrence of the invasion can be quantified and validated. 

• I have created a novel methodology to investigate cancer cell invasion with phase holographic 

imaging, which enables high-throughput drug development and metastasis research. 

 

• I have shown that by placing HeLa cells on the confluent epithelial Vero cell layer, the invasion 

of the cancer cells into the compact epithelial layer can be observed. These invasive cells can 

be distinguished in their morphological and motility parameters from cancerous HeLa cells not 

participating in the invasion and remaining on top of the monolayer. 

 

• I presented that invasive cancer cells undergo a more intense movement period before 

infiltration is initiated, which is followed by changes in morphological parameters.  

 

• I determined that the parameters can be used to calculate the infiltration rate, i.e., the change in 

volume of the invasive cell over time.  

 

• I have shown that invasion speed correlates negatively with the motility of invasive HeLa 

cancer cells. Meaning that the more time a cancer cell spends on top of the monolayer the slower 

the invasion process is.  

Related publications: L5, K3, M3 

Publications related to the thesis points 
International, peer-reviewed journal papers, written in foreign (English) language 

 [L1] Nagy Ágoston G. ; Kámán Judit ; Horváth Róbert ; Bonyár Attila „Spring constant and 

sensitivity calibration of FluidFM micropipette cantilevers for force spectroscopy measurements” 

Scientific Reports 9 : 1 Paper: 10287 (2019) 

[L2] Bonyár Attila, Nagy Ágoston G., Pap Norbert, Hajnal Zoltán, Horváth Róbert „Hydrodynamic 

function and spring constant calibration of FluidFM micropipette cantilevers” Applied Pysics Letter, 

Under submission, (2022) 
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[L3] Nagy Ágoston G. ; Kanyó Nikolett, Alexa Vörös, Bonyár Attila, Székács Inna ; Horváth 

Róbert  „Population distributions of single-cell adhesion parameters during the cell cycle from high-

throughput robotic fluidic force microscopy” Scientific  Reports  12, 7747 (2022). 

https://doi.org/10.1038/s41598-022-11770-z 

[L4] Nagy Ágoston G. ; Székács Inna ; Horváth Róbert ; Bonyár Attila „Cell-substratum and cell-

cell adhesion forces in mono- and multilayer settings from robotic fluidic force microscopy” European 

Journal of Cell Biology, Under Review, (2022) 

 [L5] Nagy Ágoston G. ; Székács Inna ; Bonyár Attila, Horváth Róbert „Simple and automatic 

monitoring of cancer cell invasion into epithelial monolayers using label-free holographic 

microscopy”, Scientific Reports, 12, 10111 (2022) https://doi.org/10.1038/s41598-022-14034-y 

International, peer-reviewed conference papers, written in foreign (English) language  

[K1] Nagy Ágoston G. ; Pap Norbert; Horváth Róbert ; Bonyár Attila, „Determination of the 

Resonance Frequency and Spring Constant of FluidFM Cantilevers with Numerical Simulations”, 43rd 

International Spring Seminar on Electronics Technology (ISSE), (2021) doi: 

10.1109/ISSE51996.2021.9467594 

[K2] Nagy Ágoston G. ; Sztilkovics Milán; Horváth Róbert ; Bonyár Attila, „A custom software for 

the Evaluation of Single-Cell Force-Spectroscopy Data Acquired by FluidFM BOT” IEEE 27th 

International Symposium for Design and Technology in Electronic Packaging (SIITME), (2021). doi: 

10.1109/SIITME53254.2021.9663702 

[K3] Nagy Ágoston G. ; Bonyár Attila, Székács Inna & Horváth Róbert ; . „Analysis of single-cell 

force-spectroscopy data of Vero cells recorded by FluidFM BOT”  IEEE 26th International Symposium 

for Design and Technology in Electronic Packaging (SIITME), (2020).  doi: 

10.1109/SIITME50350.2020.9292265 

[K4] Nagy Ágoston G. ; Inna Székács ; Horváth Róbert ; Bonyár Attila, „Assembly of Epithelial 

Monolayers and Transmigration of Cancer Cells Captured with Phase Holographic Imaging”,  43rd 

International Spring Seminar on Electronics Technology (ISSE), (2020) doi: 

10.1109/ISSE49702.2020.9121039 

International, conference presentations in foreign (English) language 

[K5] Nagy Ágoston G. ; Horváth Róbert, „Investigation of HeLa cancer cell behaviour on self-

assembled epithelial Vero monolayer captured with phase holographic imaging”, V4 Electrochemistry 

Workshop, 2021. Nov. 4-5. Pécs, Hungary.  

Additional publications 

International, peer-reviewed journal papers, written in foreign (English) language 

[L6] Peter Beatrix ; Ungai-Salanki Rita ; Szabo Balint ; Nagy Agoston G. ; Szekacs, Inna ; Bosze 

Szilvia ; Horvath Robert ”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 : 4 pp. 3882-3891. ,. (2018) 

International, conference presentations in foreign (English) language 

[K5] Ágoston Nagy, Péter Papp, Zsófia Maglóczky „Investigation of expression levels and 

distributions of different synaptic proteins in hippocampi, cortices and thalami of Genetic 
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Absence Epilepsy Rats from Straßbourg” Finland, Tuusula, 2014 April 23-25; EuroEpinomics 

Conference 

[K6] Ágoston Nagy, Péter Papp, Zsófia Maglóczky „Increase of Syntaxin 1B staining intensity in 

the cortex and hippocampus of Genetic Absence Epilepsy Rats from Straßbourg”; Hungary, 

Budapest, 2015 Januar 22-23; 15. Biannual Conference of the Hungarian Neuroscience Society 
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7. Appendix 
 

The workflow and operating steps of the custom NBS-FDcurve, FluidFM SCFS data evaluation 

software, is detailed here. The Software Architecture Diagram is shown on Figure 33. 

1) Browse and load the sensitivity data with the "Browse and Load folder" button (Fig. 32A) in the 

"Load sensitivity data" panel. Usually, this consists of multiple files in the specified folder, which 

files can be selected at once with multiple-choice commands.  

2) Individual sensitivity recordings are loaded with the "Load file" button (Fig. 32B) to fit the linear 

slope having a steepness known as the InvOLS with the "New Fit" button (Fig. 32C). When the 

desired fit and value are reached, the slope must be verified with the "Approve" button (Fig. 32D) 

to fix the value in the table. InvOLS values already fixed can be corrected upon selecting the 

desired files again. If the fit is incorrect, the file can be skipped, and their value will not be included 

in the average InvOLS. 

3) When fitting the slopes on the desired sensitivity curves is done, the button "Finish" (Fig. 32E) 

sets the average InvOLS value as the sensitivity value used during the SCFS recording. Note: k 

value must be set manually. Based on the id of the InvOLS recording, the id of the SCFS recording 

is searched automatically by the program, and a suggestion will be visible on the "Adhesion data 

suggestion" panel. If correct, this suggestion can be accepted (Fig. 32F), and the data path value 

will be transferred into the "Load adhesion data" panel. 

4) Another choice is to select the SCFS data manually by browsing data folders (Fig. 32G) on the 

"Load adhesion data" panel.  

5) When the assumption about the id of SCFS data belonging to a specific InvOLS dataset is correct, 

by pressing the "Load" button (Fig. 32H), the FD-curve and its evaluation parameters will be 

visible. 
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6) Saving the data is possible in the "Save data" panel, where the path for saving can be selected with 

the "Browse…" button (Fig. 32I). Upon pressing the "Save" button (Fig. 32J), the data will be 

saved in the process mentioned above, where the program automatically creates the .csv files.”125  

 

  

Figure 32. The user interface of the developed NBS-FDcurve evaluation software. Alphabetic symbols are 

explained in the workflow description. Arrows show the main panels linked to special features of the program: 

sensitivity data loading (black), adhesion data suggestion based on the sensitivity dataset (red), loading of 

adhesion data (green), evaluation data parameters (blue) and saving of evaluated data and FD-curves (orange). 
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Figure 33. Software Architecture Diagram of the NBS-FDcurve software. 
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Table 9. Data of Figure. 21. Values of parameters A, Fmax values of various categories; B, Emax parameter of various categories; C, Dmax 

parameter of various categories; D, Acs parameter of various categories. 
 Vero SC Vero ISL Vero sparse 

ML 

Vero tight 

ML 

HeLa SC HeLa ISL HeLa CFL Vero TOP HeLa TOP Vero ML-

HeLa 

Fmax [nN] 131-609 134-1401 324-2469 367-2615 71-667 57-769 19-672 23-300 334-1145 334-2093 

Emax [pJ] 2-18 2-39 8-130 9-174 0.2-17 1.3-33 0.1-17 0.2-6 0.01-31 3-173 

Dmax [µm] 0.2-51 0.3-29 13-68 14-65 0.3-31 5-63 3-26 5-22 3-42 3-62 

Acs [µm2] 708-4678 582-6169 1521-9649 339-13741 556-1831 474-3332 371-3122 359-839 249-665 302-7922 

 

Table 10. Data of Figure. 22. Values of parameters B, Sc parameter of various categories; C, Fmax/Acs parameter of various categories; D, 

Emax/Acs parameter of various categories. 
 Vero SC Vero ISL Vero sparse 

ML 

Vero tight 

ML 

HeLa SC HeLa ISL HeLa CFL Vero TOP HeLa TOP Vero ML-

HeLa 

Sc [nN/µm] 6-37 10-234 7-68 12-95 3-165 3-49 5-48 3-16 2-71 10-264 

Fmax/Acs 

[nN/µm2] 

0.09-0.52 0.08-0.91 0.07-0.57 0.16-1.51 0.07-0.45 0.08-0.75 0.03-1.15 0.04-0.84 0.01-2.24 0.11-2.71 

Emax/Acs 

[nN/µm2] 

0.001-0.011 0.002-0.02 0.002-0.018 0.004-0.047 3.6*(10-4)-

0.01 

0.001-0.03 1.77x10(-4)-

0.02 

5.2x10(-4)-

0.015 

1.5x10(-5)-

0.064 

0.004-

0.045 

 


