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The phenomenon of cell adhesion is responsible for the complex multicellularity of the human 

body.1,2 However, cells do not only “stick” together, but rather form an extraordinary network of 

cell contacts that serve as mechanical linker3,4, communication hubs for signal and force 

transduction5-7, or as selective barrier8,9. Thus, cell adhesion plays a crucial role in many functional 

processes such as tissue morphogenesis and regeneration10-12 or in the origin and cure of common 

diseases such as arthritis13,14, cancer15-18, or cardiovascular disorders19,20. Moreover, the attraction 

or aversion of cells to a substrate can be decisive for the success or failure of an implanted 

biomaterial and thus for the quality of a patient’s life.21-23  

This has created tremendous interest on establishing a variety of techniques that provide more 

insights into the complexity of cell adhesion. Depending on the specific interest, they were focused 

on cellular attachment or detachment, or the analysis of a cellular population versus single-cell 

experiments.10 An overview of the most important cell adhesion studies and their applications in 

biotechnological research is illustrated in Figure 1. 

 

Figure 1: Overview of the most important cell adhesion studies and their applications in biotechnological 
research. The studies are classified by cellular attachment and detachment events and further grouped into 
cell population and single-cell studies. Reprinted from reference10 as open-access article distributed under 
the terms of the Creative Commons CC BY license, which permits the free re-use in any medium. 

One of the most prominent methods for studying single-cell adhesion is the Atomic Force 

Microscopy (AFM). By combining AFM with the highly sensitive Single-Cell Force Spectroscopy 
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(SCFS), the quantification of unbinding forces of single molecular bonds or of an entire cell is 

possible.24,25 For this purpose, a cell is chemically attached to a functionalized cantilever, 

approached towards a substrate or another cell and subsequently separated after a given contact 

time, ranging from several seconds to minutes. During this whole cycle, cantilever deflection is 

measured, representing the corresponding adhesion force.25,26  

Besides the quantification of adhesion forces, Fluorescence Microscopy (FL) became one of the 

key pillars for the analysis of cell adhesion.27 Especially the advanced methods of super-resolution 

(SR) microscopy like direct Stochastic Optical Reconstruction Microscopy (dSTORM) or Stimulated 

Emission Depletion (STED) revolutionized the characterization of adhesive contacts by visualizing 

single proteins within a nanometer range.28-32 However, none of these innovative techniques 

alone can address and completely unravel the complexity of cell adhesion. Thus, the development 

of complementary and correlative AFM techniques became increasingly important in the last 

decades.33-36 Up to date, the performance of such methods is often hampered by interference 

effects between cantilever and fluorescence excitation light, usually resulting in a sequential data 

acquisition and superimposition afterwards.27,34,37,38 Nevertheless, a truly simultaneous operation 

of AFM and confocal FL was recently presented, taking the approach of hybrid characterization 

tools to next level.27 

Apart from the advancement and progress in studying cellular biomechanics via multifunctional 

devices, there is still a noteworthy shortcoming of AFM that cannot be remedied by the 

integration of FL. One of the main limitations is its restriction to the study of early-stage 

adhesion.24,25,39,40 To overcome this limitation, the Fluidic Force Microscopy (FluidFM®) was 

established by the group of Zambelli in 2009.41 It combines the precise force-control of AFM with 

the benefits of microfluidics and thus allows a pressure-modulated and reversible cellular 

immobilization at the cantilever tip.41,42 This further enables the detachment of mature cell 

contacts, whose adhesion forces, ranging from piconewton to even micronewton, would normally 

exceed the chemical attachment between a cell and a functionalized AFM cantilever.25,40,43,44 Since 

then, FluidFM® became the gold-standard method for quantifying the adhesive characteristics of 

spread cells.40,44 However, the question of real-time optical tracking of the biomechanical 

processes occurring during cellular detachment of mature cell contacts is still unanswered. 

The overall aim of this thesis was the establishment of a novel multifunctional device correlating 

FL and FluidFM® technology (FL-FluidFM®) which enables the visualization of cellular detachment 

and, at the same time, the quantification of corresponding detachment forces. This provides a 

novel characterization method and, thus, new insights into the complex biomechanics of cell 

adhesion. For this purpose, both the focus stability and optical resolution of the microscope were 
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optimized by hardware and software adaptation. The functionality of this system was verified by 

proof-of-principle experiments which optically tracked fluorescently labeled cells while truly 

simultaneously recording the corresponding detachment forces. The establishment of a protocol 

for correlated data analysis further aimed the unambiguous matching between quantified force-

jumps and the visualized steps of cellular unbinding. 

Chapter 2 provides an overview of the theoretical background concerning this thesis. First, the 

FluidFM® technology and its setup and functionality are presented. This is followed by an overview 

on its different applications with a special emphasize on the FluidFM®-based force spectroscopy. 

Afterwards, the FL is introduced by explaining the fundamentals of fluorescence light, possible 

fluorophores, and hardware requirements. Subsequently, an overview of the development of 

correlated microscopy is given. Finally, the phenomenon of cell adhesion is explained by focusing 

on cell adhesion molecules (CAMs), the different types of adhesion, and the characteristics of cell 

bonding and rupture. 

The results of this thesis and their discussion are given in Chapter 3. Initially, the focus was on the 

evaluation of a conventional FluidFM® system and its application in indentation and cell-substrate 

adhesion. This is followed by the presentation of the design and fabrication of a novel correlated 

FL-FluidFM® system. Its functionality was verified by a comparison with the conventional method 

in terms of optimized optical features and force spectroscopy. Afterwards, proof-of-principle 

experiments demonstrated for the first time the simultaneous feasibility of force-curve 

quantification and fluorescence visualization of a detached cell. This also includes the discussion 

of challenges regarding interference effects. Subsequently, a newly established analysis workflow 

was explained in detail, revealing unambiguous matches between intracellular unbinding and 

cellular detachment steps. Here, unbinding theories presented so far in literature were 

experimentally confirmed. Based on the successful establishment of a correlative FL-FluidFM® 

workflow, a comparison of cell-cell and cell-substrate adhesion was presented, focusing on two 

different cell types. This was followed by the analysis of the detachment behavior of single and 

interconnected endothelial cells. Finally, the formation of intercellular junctions was investigated 

via fluorescent visualization and discussed in terms of primary and immortalized cell types as well 

as their dependence on the prior cultivation time. 

An integral discussion of all presented results as well as further perspectives for future studies are 

given in Chapter 4. 

Chapter 5 provides a summary of this thesis in English and German. 
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An overview of the experimental materials and methods used in this thesis is presented in 

Chapter 6. Here, a detailed description of the cell culture is given, followed by the methods of 

fluorescent labeling and the performance of FL. Afterwards, the application of conventional 

FluidFM®-based SCFS is explained, providing detailed information for cantilever preparation and 

indentation as well as adhesion experiments. The correlated FL-FluidFM® performance is 

subsequently described, focusing on the data acquisition and the corresponding analysis. The 

investigation of cell-cell adhesion is given at the end of this chapter. 

The Appendix A provides a standard operating procedure for correlated FL-FluidFM®. First, the 

hardware components and associated software as well as their commissioning are explained in 

detail. Subsequently, the individual steps of the experimental workflow are provided, starting with 

the cantilever installation and preparation. Thereafter, a description of the implemented software 

workflow and the following data acquisition of indentation as well as cell adhesion experiments is 

presented. The latter are distinguished between conventional and correlated performances. 

Finally, an overview of troubleshooting and suitable hints is given as well as important contacts 

for technical support. 
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2.1 Fluidic Force Microscopy (FluidFM®) 

Fluidic Force Microscopy, named FluidFM®, was invented by Zambelli’s group at ETH Zürich in 

200941 and is, therefore, a quite novel technology in the field of biophysics. It is characterized by 

the fact that it combines the high-resolution technique of Atomic Force Microscopy (AFM) with 

microfluidics. In this way, FluidFM® offers a variety of applications including precise and gentle 

cell sorting45, highly controlled delivery of bioactive reagents41 or intracellular injection46. 

Moreover, the use of microchanneled cantilevers instead of functionalized ones, enables 

FluidFM® to quantify mature cell adhesion with forces in the range of piconewton to several 

micronewton.40,43 FluidFM® overcomes various limitations of conventional AFM and, thus, 

emerged to be one of the most powerful tools in addressing biological questions in the last 

decade.47  

Due to the fact that FluidFM® is an extension and innovation of AFM, there are several analogies 

and correspondences in hardware composition and performance. Therefore, unless otherwise 

stated, the reader can assume that AFM-based illustrations and concepts presented in this thesis, 

are equally valid for FluidFM®.  

2.1.1 Setup and functionality 

The hardware composition of a FluidFM® setup is based on a conventional AFM and illustrated in 

Figure 2. Here, a cantilever, called AFM probe, is mounted on a piezoelectric actuator (PZT) which 

regulates its vertical positioning.48-50 During a measurement, the sample-cantilever interaction is 

accurately captured via a force-induced cantilever deflection measured with a laser beam which 

is reflected from the backside of the cantilever onto a position-sensitive photodetector (PSD).49-51 

In this way, any change in cantilever bending can be detected via a shift in the position of the laser 

spot upon the PSD and transferred to the PZT via feedback loop.41,49 This whole composition is 

mounted on top of an optical microscope enabling the visualization of sample and cantilever.25 

However, there is one remarkable difference in the composition of AFM and FluidFM® referring 

to the AFM probe. Instead of merely solid and chemically functionalized cantilever normally used 

in AFM, FluidFM® performance is based on a hollow cantilever with a microchannel connected to 

an external pressure controller via tubing.43,47,52 This channel can be filled with an arbitrary 

solution, allowing the FluidFM® to fully operate in a liquid surrounding. Moreover, a local 

dispensing of a chosen solution through the cantilever aperture or the aspiration and release of a 

target cell is feasible, depending on the applied pressure.25,50  
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Figure 2: Schematic illustration of a FluidFM® setup. The main component is a microchanneled cantilever 
that is connected to a pressure controller at its free end. Its vertical movement is regulated via a 
piezoelectric scanner (PZT). The cantilever deflection is measured by a laser that is reflected at the cantilever 
tip and directed to a photodetector (PSD). In this way, any change in cantilever bending is detected via a 
shift in the position of the laser spot upon the PSD and transferred to the PZT via feedback loop. Reproduced 
and adapted from reference43 as open-access article distributed under the terms of the Creative Commons 
Attribution CC BY license. 

Analogous to AFM, the FluidFM® probe is usually made of silicon nitride (Si3N4) and coated with a 

gold layer on its backside to increase its reflectivity.25,38,49,53 In the commercially available probes, 

the embedded microchannel with several supporting pillars is generated by either etching or 

thermical bonding of two silicon (Si) wafers forming a channel height of 0.2 to 1 µm.25,41,43,50 

Subsequently, an aperture can be formed by using either focused ion beam (FIB) or 

photolithography resulting in openings between 300 nm to 8 µm.25,43,50 As illustrated in Figure 3, 

the cantilever is generally formed in a rectangular shape (~150 µm long and 25 µm wide) and, 

depending on the experimental purpose, either tipless or equipped with a pyramidal tip at its 

apex.50 Thereby, the latter one is distinguished by its different aperture positions. Cellular 

injection, for instance, is usually performed with a syringe-like probe carrying the aperture beside 

the apex of the pyramidal tip while an aperture directly at the end of the tip is preferred for fluid 

delivery.41,46 By contrast, tipless cantilevers are used to accomplish cellular detachment or single-

cell displacement by aspirating and releasing a target cell.43,45 Furthermore, this type of cantilever 

offers the possibility to perform the well-known AFM indentation technique by suctioning a 

colloidal bead to the cantilever’s aperture and, thus, evaluating elastic properties of a cell.50,54,55  
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Figure 3: Scanning electron microscopy (SEM) images of exemplary cantilevers for FluidFM® experiments. 
(a) Large view of a hollow AFM probe with a pyramidal tip at its end. The inner space is supported by several 
rows of pillars visible as darker spots on the backside of the cantilever. (b) Tipless cantilever with an aperture 
at its apex. (c) and (d) Zoomed images of, respectively, a microchannel and a pyramidal tip after cutting a 
microchanneled probe with focused ion beam (FIB). (e) Zoomed image of a pyramidal tip with its opening 
directly at the end. (f) Zoomed image of syringe-like tip with the opening at the side of the apex. Reprinted 
and adapted from reference25, Copyright (2014) with permission from Elsevier. 

2.1.2 Applications 

The advancement of implementing a pressure controlled microfluidic probe into the AFM-based 

FluidFM® system provides access for novel single-cell analysis. There are five main functionalities 

of FluidFM®: fluid delivery, cell sorting, cellular injection/extraction, cell adhesion, and 

indentation.25,50 All of them benefit from the high accuracy in force control and the precisely 

regulated pressure control but differ in their experimental purpose. While the first three are 

focused on the manipulation of single cells, cell adhesion and indentation, in contrast, evaluate 

binding strength and mechanical properties of individual cells via force spectroscopy.43,50 In the 

following chapters, the different FluidFM® functionalities are described more in detail, especially 

highlighting the Single-Cell Force Spectroscopy (SCFS)-based cellular detachment as main 

application in this thesis. 

2.1.2.1 Fluid delivery 

The primary purpose of FluidFM® was to introduce a universal liquid delivery system for local 

liquid dispensing and stimulation of single cells.41 Therefore, the microchanneled cantilever is 
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filled with a solution containing bioactive reagents, positioned onto a target cell via highly 

sensitive feedback control and followed by a pressure induced liquid release with volumes smaller 

than a femtoliter.41,56 In this context, Meister et al. (2009) presented the fluorescent labeling of 

living neuroblastoma cells by gently touching the cell membrane with a pyramidal cantilever filled 

with CellTracker green.41 This fluorescent dye is known for its membrane permeability and its 

fluorescent performance depending on the enzymatic activity of a cell. After several minutes of 

maintaining the contact, the cell revealed a fluorescent signal while adjacent cells did not, proofing 

an accurate and local diffusing into the target cell. Moreover, it demonstrated that the cell was 

not damaged and still has a working metabolism.25,41 

Besides the delivery of soluble molecules, this FluidFM® functionality was also performed for a 

controlled virus infection onto individual human epithelial (HeLa) cells.56 Here, a tipless cantilever 

was filled with a buffer solution containing fluorescently labeled vaccinia virus (VACV) and 

dispensed through the cantilever aperture onto a selected, single cell. By using Fluorescence 

Microscopy (FL), the viral infection of the cell could be monitored revealing an increased infection 

with higher number of viruses as well as a cooperative link between VACVs during the early stage 

of infection.50,56 

This concept of local dispensing can be extended to any soluble particle small enough to flow 

through the cantilever channel and, therefore, offers a strategy for a drug delivery system 

analyzing single-cell reaction towards external stimuli under physiological conditions.25,50 

2.1.2.2 Cell sorting 

Besides the established concept of fluid delivery, FluidFM® offers the possibility of pick-and-place 

experiments. Thereby, a cell is firmly attached onto the cantilever tip by applying a slight negative 

pressure, transferred to another, predefined position, and released by a gentle overpressure. The 

use of tipless cantilevers with different opening sizes enables the spatial manipulation or isolation 

of eucaryotic and procaryotic cells under physiological conditions.25,44 This experimental approach 

was first demonstrated by Dörig et al. (2010), successfully accomplishing pick-and-place 

experiments with bacterial, yeast, and mammalian cells ranging from 1.5 to 20 µm in diameter.44 

Moreover, the transfer of yeast cells from one glass slide to an agar coated plate was feasible 

maintaining the cell attached to the AFM probe even in air.44 

A more advanced approach combining the functionality of fluid delivery and cell sorting was 

presented by Guillaume-Gentil et al. (2013).45 Until then, the spatial manipulation of cells was 

mostly focused on non-adherent cells, but as demonstrated in their study the cellular isolation of 

adherent cells using FluidFM® is also feasible. Here, single HeLa cells were directly transferred 

from their culture dish onto another substrate or microwell.45 Therefore, the microchannel was 
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loaded with a solution containing trypsin and a fluorescent marker which was then locally 

dispensed on a cell of interest by applying a slight overpressure. Using the pressure controller, the 

dispensed volume of trypsin solution could be varied and regulated to the release of several tens 

of picoliter activating the selective detachment of single HeLa cells within a confluent monolayer.45 

Afterwards, the detached cell could be easily aspirated and attached onto the cantilever tip, 

followed by the controlled displacement and isolation of the chosen cell. A successful cellular 

release without cell damage was achieved by applying a non-fouling cantilever coating based on 

poly(L-lysine)-grafted-poly(ethylene glycol) (PLL-g-PEG).45,50  

With this FluidFM®-based approach of cell sorting, it is not only possible to transfer selective cells 

to a target area and observe their behavior but also to remove unwanted cells and, therefore, 

form a cell pattern of interest which is important, for instance, for engineering neural circuits.50,57 

2.1.2.3 Cellular injection/extraction 

The force-controlled fluidic injection and extraction is another strategy in single-cell manipulation. 

Its principle is based on the approach of fluid delivery but with a syringe-like probe to penetrate 

the cellular membrane with the sharp apex of the pyramidal tip. Instead of only gently touching a 

cell, the cantilever tip is inserted inside a cell by applying a higher forward force on the cell surface 

which can be recognized as force relaxation peaks during the detection of an approach 

force-curve.43,46,50 Once the pyramidal tip has perforated the membrane, bioactive reagents can 

be dispensed providing access to direct intracellular perturbation. In a first study, the successful 

intracellular injection was demonstrated by releasing a membrane impermeable fluorescent dye 

into the cytoplasm of neuroblastoma cells.41 Later on, this approach was extended to an 

intranuclear injection by inserting a fluorescent marker that is impermeable for the outer 

membrane but permeable for the nuclear membrane. After nuclear injection of a HeLa cell, the 

dye diffused into the cytoplasm but remained inside the cell guaranteeing a complete recovery of 

the plasma membrane after cantilever retraction. Additionally, another intranuclear injection was 

performed with a fluorescent marker that is impermeable for the nuclear membrane. Here, the 

dye stayed enclosed in the nucleus without any diffusion into the cytosol demonstrating a 

successful resealing of the nuclear membrane after injection.46 Moreover, this study was 

confirmed by a controlled delivery of plasmid DNAs encoding green fluorescent protein (GFP) into 

the nucleus of HeLa cells successfully revealing a maximum of fluorescent signal after only 17 h 

and, therefore, demonstrating a high injection efficiency without affecting cell viability.46,50 

Instead of dispensing a liquid into a cell, this approach of single-cell manipulation also offers the 

possibility to perform intracellular extraction. Thereby, a negative pressure is applied after 

injection to extract intracellular structures into the microchannel followed by cantilever retraction 
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and fluid release onto analytical substrates.50 In a first study, Guillaume-Gentil et al. (2016) 

presented the extraction of tunable volumes of intracellular content by injecting GFP expressing 

HeLa cells.58 The extraction of fluorescent intracellular structures, like ribonucleic acid, peptides, 

and proteins, and its distribution in the cantilever microchannel could be optically monitored via 

FL. A comprehensive study of cell viability after extraction identified the nuclear extraction to be 

more critical for cell viability than the cytoplasmic one. In the latter case, 82% of HeLa cells 

remained viable even after extracting a significant proportion of their cytoplasm.43,50,58 The 

extracted intracellular content can then be studied by various biochemical analysis including 

enzymatic activity assays, gene expression or mass spectroscopy of metabolites.50,58,59  

2.1.2.4 FluidFM®-based force spectroscopy 

In contrast to the aforementioned applications focusing on the manipulation of single-cells, 

FluidFM® can also be used to perform force spectroscopy. Here, the AFM probe is moved 

exclusively in the vertical direction and, thus, acting as force sensor. By approaching a surface and 

subsequently retracting the cantilever at a preset tip velocity, the tip-sample interaction forces 

can be measured as function of the corresponding tip-sample distance, resulting in a so-called 

force-distance curve (FD-curve) (Figure 4).25 By separating this FD-curve into its two segments of 

forward (approach) and backward (retraction) curve, the quantification of characteristics like 

sample height, surface deformations, or elasticity as well as the energy and adhesion forces of 

biological surfaces or even single molecules can be quantified.25,60,61 In the following chapters, the 

recording and interpretation of FD-curves is described in detail.  

2.1.2.4.1 Force-distance curve (FD-curve) 

To generate a FD-curve, the originally measured cantilever deflection has to be converted into the 

corresponding force. Therefore, Hooke’s law (Equation 1) 

𝐹 = 𝑘 ∙ 𝑥 = 𝑘 ∙ 𝑑 ∙ 𝛿 
(1) 

is applied by considering the cantilever as a spring. Thus, the force 𝐹 [N] between cantilever tip 

and surface is correlated to the cantilever spring constant 𝑘 [N m-1], meaning its stiffness, and the 

cantilever deflection 𝑥 [m] which is composed of the deflection signal 𝑑 [V] and the deflection 

sensitivity 𝛿 [m V-1].40,62 The experimental acquisition of a whole FD-curve is separated into several 

steps which is exemplary illustrated in Figure 4. First, the AFM probe vertically approaches the 

sample from a certain distance (blue curve, step 1) until the so-called contact point is reached, 

describing the moment of first contact between cantilever and sample surface.60,63 Here, the 

deflection is still zero. With proceeding approach, the cantilever bends until a setpoint of 
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maximum indentation force (Fi) is reached (step 2). This is followed by the second section of the 

FD-curve, the cantilever retraction (step 3).60,63,64 During this process, the cantilever bending starts 

to decrease again until the turning point of no deflection is reached. By further retracting the AFM 

probe and in case of adhesive bonds, the cantilever deflection begins to increase again, but now 

with a downward bending towards the sample, resulting in a rising negative force, called adhesion 

force (Fadh).60,63 After crossing the highest point of force, called maximum detachment force (MDF) 

(step 4), the cantilever deflection diminishes once again until either the initial position is reached 

again, or until further detachment steps, e.g. of single molecules, are overcome (step 5).49,60,63 As 

already implicated by the different force designations, the two curve sections of approach and 

retraction entail different information about the properties of a biological sample. While the 

approach-curve is commonly used for the analysis of deformations and elastic properties, the 

retraction part describes the adhesive behavior of a sample including cellular membrane 

properties, ligand-receptor cooperativity, or binding strength.24,64 

 

Figure 4: Composition of a force-distance curve (FD-curve). The curve is separated into two main sections, 
the cantilever approach (blue) and its retraction (red). Initially, the cantilever is positioned at a certain 
distance above the sample (step 1). After passing the contact point, the cantilever reveals an upwards 
deflection (step 2) corresponding to an indentation force (Fi). The cantilever retraction entails a decrease 
and downward shift in deflection representing the adhesion force (Fadh, step 3, 4). In case of, for instance, 
single molecule adhesion, the cantilever shows multiple steps of increased forces until the initial position is 
reached again. Adapted by permission from Springer Nature: Nature Nanotechnology60, Copyright (2017). 
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2.1.2.4.2 Cell adhesion 

The invention of SCFS brought the quantitative study of cell adhesion under near-physiological 

conditions onto the next level. Historically, cell adhesion was initially evaluated by washing assays, 

for instance, the spinning-disc or flow chamber assay, estimating adhesion forces via a controlled 

flow of media.24,65,66 Here, the cells are seeded onto a substrate and rinsed with physiological 

buffer resulting in a comparison of lost, non-adherent and remaining cells.67 Since these bulk 

methods are based on a force estimation over the totality of studied cells, the more advanced 

approach of single-cell analysis was established. AFM-based SCFS, for instance, represents a well-

known method for the adhesion force quantification of individual cells. Here, a cell is chemically 

attached onto a functionalized cantilever and brought into contact with a target surface or 

another cell, assessing the corresponding unbinding forces of whole cell adhesion or even of single 

receptor/ligand bonds in a range of ~10 pN to ~100 nN.24-26,39,67 With the invention of FluidFM®, 

this strategy could be advanced towards the examination of forces up to several micronewton, 

generally occurring after the complete maturation of focal contacts.40 By immobilizing a cell onto 

the cantilever aperture via negative pressure, Potthoff et al. (2012) presented a serial 

quantification of adhesion forces of mature yeast and mammalian cells for the first time.39 Since 

then, FluidFM®-based SCFS was used to study the complexity of cellular detachment including cell-

substrate39,68 and cell-cell adhesion40,42,69 of microbial39,70 and mammalian cells40,42 as well as the 

dependence on parameters like surface topography71,72 or the phase of adhesion (early or 

mature)68. 

The basic workflow of FluidFM®-based SCFS is schematically illustrated in Figure 5a. Here, a tipless 

cantilever is approached towards a spread cell (green particle) firmly adhering on a substrate. 

After reaching a predefined force setpoint and gently contacting the cell surface, a negative 

pressure is applied inducing an adequate cellular immobilization on the cantilever aperture while 

force feedback ensures a constant positioning. This pressure is kept constant while subsequently 

retracting the cantilever again and, thus, detaching the cell. After the complete de-adhesion, a 

slight overpressure ensures the cellular release enabling a serial quantification with the same 

cantilever.39,40,43 Instead of cantilever-guided cellular de-adhesion, it is also possible to use the 

sample stage as moving component which is often beneficial when longer pulling ranges are 

required to completely detach a cell.73 However, in both cases, the cantilever deflection and, 

therefore, the adhesion force is detected as described in Chapter 2.1.1. An exemplary FD-curve is 

illustrated in Figure 5b. As already mentioned in Chapter 2.1.2.4.1, a FD-curve provides different 

information about cellular characteristics. Thus, the evaluation of adhesive characteristics of living 

cells is concentrated on the retraction-curve and can be separated into three unbinding phases.24 
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Initially, after a firm immobilization of the cell, the cantilever starts to retract inducing a pulling 

force on the cell (Figure 5b (I)). With increasing force and in dependence on the strength and 

amount of adhesive bonds, the cell starts to detach.24,38 After passing the MDF, the detachment 

process is entering the second phase revealing a complex force pattern. Here, the cellular 

de-adhesion is dominated by two types of unbinding steps: (i) the so-called jumps/rupture events 

(‘j’ events) (Figure 5b (II)) and (ii) the tether events (‘t’ events) (Figure 5b (III)). Whereas ‘j’ events 

are characterized by a ramp-like increase in force, force-plateaus prior a step are visible, when 

pulling a tether.38,74 The former one is linked to the rupture of a single or cluster of adhesive bonds 

that remain connected to the cytoskeleton. The stretching of these membrane-cortex linkers 

induces the non-linear force increase right before a rupture.67,75 In contrast, the appearance of a 

‘t’ event is predominantly described by an extrusion of a membrane tether out of the cellular 

cortex which mostly occurs at the third and, therefore, final phase of a detachment process. Here, 

solely the cell membrane is still in contact with a substrate (or another cell), exclusively mediating 

the last steps of de-adhesion until the cell is fully detached.24,38,74  

While analyzing and interpreting the information behind a FD-curve, it is important to consider 

that the biological processes behind the de-adhesion are far more complex and have been subject 

of intensive experimental and theoretical research for decades.76-80 Besides the depicted 

unbinding steps of jumps and tether, the whole cellular detachment process is also influenced by 

parameters like cell elasticity, mechanical properties of the membrane, binding dynamics or cell 

size to name just a few.24,38,78,81 Moreover, experimental parameters like cantilever retraction 

speed, contact force, substrate roughness, or contact time have an influence on how a cell 

detaches.74 Especially, the latter one is a limiting factor for the performance of AFM-based SCFS. 

This is related to the fact that the formation of stronger adhesive bonds increases with longer 

contact times resulting in forces which exceed the binding forces between a cell and a 

functionalized cantilever.25,74 Therefore, AFM-based SCFS is limited to the investigation of 

early-stage adhesion with contact times ranging from milliseconds to several minutes.24,74 

Furthermore, the cantilever functionalization itself which is usually based on an adhesive coating 

with, for instance, lectins73,82, streptavidin83, or proteins like collagen84 or fibronectin84,85 has the 

potential to perturb the structural and functional state of a cell and, therefore, the slope of a 

subsequent recorded FD-curve.25 These limitations are avoided by the integration of 

microchanneled cantilevers and the reversible cellular immobilization using FluidFM®. 
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Figure 5: Exemplary procedure of FluidFM®-based single-cell force spectroscopy (SCFS). (a) Schematic view 
of the experimental principle. After the cantilever approach, a cell is immobilized at the aperture via 
negative pressure. By the followed cantilever retraction, a cell is detached from its surface and subsequently 
released by the application of an overpressure. During the process, the cantilever deflection is detected via 
a reflected laser. (b) Exemplary FD-curve composing of an approach (green) and retraction (purple) section. 
The retraction-curve represents the unbinding process of a cell starting with an increase in force that is 
related to the pulling force on a cell (I). After passing the MDF, the cell starts to detach showing mainly to 
characteristic types of unbinding steps: jumps (II) and tether (III). (a) Reprinted from reference 39 as 
open-access article distributed under the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any medium. (b) Reproduced with permission of the 
Journal of Cell Science, reference24. 

2.1.2.4.3 Colloidal nanoindentation 

Since its first presentation more than 30 years ago, the strategy of AFM-based nanoindentation 

has not fundamentally changed.86 It is based on an AFM probe that is firmly connected to a 

spherical colloid by ‘gluing’ or sintering it at the cantilever aperture and, thus, acting as 

nanoindentor.87,88 By slightly compressing a sample surface followed by a cantilever retraction, 

mechanical properties of, e.g., polymer films or soft matter like cells can be investigated.89-92 
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Nevertheless, this approach is faced with some limitations. One of the main disadvantages is the 

irreversible immobilization of the colloid hindering fast switching between spherical probes which 

is of special interest when analyzing specific biomolecular interactions requiring functionalized 

probes.50,93 Nowadays, FluidFM® offers an alternative and optimized version of the 

well-established AFM nanoindentation technique.54,55 Unlike the conventional AFM-based 

approach, here, a single colloid can easily be aspirated to the cantilever aperture and released via 

overpressure. In this way, Dörig et al. (2013) demonstrated a serial use of chemically coated 

colloids as well as the quantification of elastic properties of human embryonic kidney cells via 

indentation.93 In a more recent study, Lüchtefeld et al. (2020) proposed an advanced method for 

the determination of actin cortex mechanics exclusively by calculating the cellular stiffness as 

function of the indentation depth named ‘Elasticity spectra’.94  

In principle, the experimental workflow of AFM- and FluidFM®-based nanoindentation is equal. In 

the latter case, aspiration of a spherical colloid to the aperture is performed first, followed by the 

recording of a FD-curve. Afterwards, the approach section of the FD-curve is transformed into a 

force-indentation curve by subtracting the cantilever deflection from the vertical displacement. 

This results in a so-called separation, which in turn corresponds to the indentation starting from 

the contact point.40,64 Subsequent, the so-called Young’s modulus as indicator for elasticity is 

extracted by fitting the curve accordingly to a theoretical model. Depending on the used type of 

indenter and on the inclusion or neglect of adhesion forces, different models are applied, for 

instance, Johnson-Kendall-Roberts (JKR)95-97, Derjaguin-Muller-Toporov (DMT)97, or Hertz-

Sneddon model93,94. Especially, the latter one is preferred in case of spherical or conical tips while 

JKR and DMT are chosen for considering adhesion forces inside and outside the contact 

area.64,81,98,99 Furthermore, the Hertzian theory presumes an infinitely hard sphere indenting a flat 

and soft substrate and, thus, resulting in a small deformation.89,100 This is described by the 

following Equation 2:  

𝐹 =
4 ∙ 𝐸𝛾 ∙ 𝑅1 2⁄

3 ∙ (1 − 𝜈2)
∙ 𝛿𝑖𝑛𝑑

3 2⁄
 

(2) 

where 𝐹 [N] is the measured force, 𝐸𝛾 the Young’s modulus [Pa], 𝜈 the Poisson’s ratio, 𝛿𝑖𝑛𝑑  the 

indentation [m], and 𝑅 [m] the radius composing of the indenter and cell/sample radii, 

respectively.40,89 

2.2 Fluorescence Microscopy (FL) 

Since Ernst Abbe’s contribution to the theory of microscopy in 1873101, conventional light 

microscopy became one of the key pillars in visualizing biological samples. Together with the 

phenomenon of fluorescence, which was excessively investigated in the 19th and early 
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20th century, the foundation for nowadays FL was laid.102 Since then, the development and 

optimization of instrument design and fluorescent markers has steadily progressed to more 

advanced setups like Total Internal Reflection Fluorescence Microscopy (TIRFM)103 or 

super-resolution (SR) systems such as direct Stochastic Optical Reconstruction Microscopy 

(dSTORM)104,105 or Photoactivated Localization Microscopy (PALM)106,107, visualizing cells down to 

single molecules with a resolution of a few nanometers.28,108 Because of its non-invasive imaging 

of even living organisms, FL became an indispensable technique in the field of biological and 

medical research.109 

2.2.1 Fundamentals of fluorescence light 

The effect of fluorescence light is based on an interaction of matter and electromagnetic radiation. 

Here, a fluorescent molecule absorbs a photon of a certain energy and subsequently emits light 

of lower energy within nanoseconds, called fluorescence light.110,111 This loss in energy is based on 

different photophysical effects occurring during the absorption-emission process, as illustrated in 

the Jablonski diagram (Figure 6). Depending on the total energy of an absorbed photon, an 

electron in its ground singlet state S0 is excited in a higher energetic singlet state S1 or higher, 

each of these electronic states being composed of several vibronic states. Via non-radiative 

vibronic relaxation and internal conversion, a higher excited electron is transferred into the lowest 

energetic vibronic singlet state S1.112 During the following return to the electronic ground state S0, 

fluorescent light of lower energy and therefore longer wavelength is emitted. This is associated 

with the reciprocal relationship of photon energy and wavelength (𝐸 = ℎ𝑐 𝜆⁄ , where 𝐸 [J] is the 

photon energy, ℎ [Js] is Plank’s constant, and 𝑐 [m s-1] and 𝜆 [m] are the speed and wavelength of 

light in vacuum, respectively).113 This energetic transition between absorption and emission is 

known as ‘Stokes shift’.110,111,113 Besides the straight return to the ground state via fluorescence, 

there is also the very unlikely option of intersystem crossing (ISC).Here, with regard to quantum 

theory, an electron switches from an excited singlet S to a long-lasting excited triplet T state via 

spin-flip.112 More precisely, the opposite orientation of paired electrons, as usually found in the 

singlet state, is replaced by a pair of nonbonding electrons which reveal a quantum theoretically 

‘forbidden’ parallel spin orientation. In this case, the transition to the ground state S0 is 

represented by the emission of phosphorescence light.112-114 
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Figure 6: Jablonski-diagram. The interaction of matter and electromagnetic radiation causes the emergence 
of light of lower energy. An electron in the vibronic ground state S0 is excited in a higher energetic vibronic 
state of S1 or higher via the absorption of light (purple arrow). Through non-radiative relaxation or internal 
conversion (blue, sinusoidal arrow), a higher excited electron is transferred to the lowest energetic singlet 
state S1. Directly turning back to the ground state S0 causes the appearance of fluorescence light. Another 
option, albeit with very low probability, is the intersystem crossing, where an electron is shifted from an 
excited singlet to a long-lasting triplet state T. From here the return to the ground state S0 is represented 
by the effect of phosphorescence. Reprinted with permission from112. Copyright (2010) American Chemical 
Society. 

2.2.2 Fluorophores 

Today there is a huge toolbox of fluorescent probes that can be used for fluorescent labeling 

spanning the whole visible section of the electromagnetic spectrum. Depending on the 

experimental purpose one can choose, for instance, between organic fluorophores115,116, 

fluorescent proteins117,118 or semiconductor based materials like quantum dots (QDs)119,120. At the 

same time, there was developed a wide range of labeling techniques allowing the visualization of 

whole cells and single biomolecules, leading to a better understanding of biological features such 

as cellular dynamics or signal transduction.121,122 

2.2.2.1 Types of fluorophores and fluorescent labeling 

Fluorescent proteins (FP) 

The most prominent representative of FPs is the GFP as it was found as chemiluminescent 

molecule in the jellyfish Aequorea Victoria.123 Since its first cloning in 1992 by Prasher et al. (1992), 

GFP has been extensively advanced to several variants providing improved photostability, 

enhanced brightness and most important a wider range of available wavelengths such as yellow 



Chapter 2 

22 
 

FP (YFP) or red FP.115,121,124 In this way, GFP as well as its mutants can be genetically co-expressed 

to a target protein in a variety of organisms like bacteria or yeast cells, but also in plants or 

mammalian cells. This allows a highly specific fluorescent labeling of cellular compartments 

without background signal.102,112,118 Moreover, by the expression in living cells using transient 

transfection, dynamic processes of proteins can be visualized and optically tracked in real 

time.125,126 Nevertheless, the application of FP-based fluorescent labeling also has some 

limitations. For instance, since FPs are quite large with a molecular weight of ~25 kDa, the natural 

biological behavior or functionality of proteins may be affected by steric effects. Another 

drawback is the limited spectral range compared to other fluorescent dyes, such as organic or 

synthetic fluorophores, even though modern FPs already offer improved optical 

parameters.109,117,127 

Organic fluorophores 

Compared to FPs, organic fluorophores are much smaller (< 1 kDa) and have superior optical 

features such as a wide spectral range, great photostability and, in many cases, a higher 

brightness.115,118 In addition, they are commercially available in various designs.128 However, they 

also have a major drawback, namely their lack in specificity. To circumvent this limitation, there 

are different labeling techniques such as the immunofluorescence staining and the peptide-based 

labeling. The former one generates fluorescent labeling via specific antibodies while the latter one 

is based on the conjugation of an organic fluorophore to a small peptide which exclusively binds 

to a cellular structure.109,118 In the case of immunostaining, a permeabilization of the plasma 

membrane is required, guaranteeing the easy access of antibodies to reach a biomolecule of 

interest. However, this strategy involves the fixation of a cell and, therefore, is inappropriate for 

live-cell imaging.115,125,126 In contrast, the peptide-based technology has the potential to label 

cellular structures in living cells in vitro as well as in vivo.129,130 Even though these techniques 

provide a higher specificity, there remains a risk of unwanted background signal since the 

fluorescent labeling unlikely reaches a rate of 100% of linkage. This results in free dyes and a non-

specific signal which therefore requires purification steps.118 Moreover, the broad emission of 

organic fluorophores can cause a spectral overlap, complicating the analysis of fluorescent signal, 

especially in the case of multiple color imaging.102,118 

Quantum dots (QDs) 

Besides the use of FPs or organic fluorophores, there is another class of fluorescent markers: 

inorganic nanocrystals or QDs, usually containing a cadmium selenide (CdSe) or cadmium telluride 

core and a zinc sulfide shell.115,119 Due to their semiconductor properties, QDs are characterized 

by a broad excitation profile and, at the same time, a narrow emission peak at a discrete 
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wavelength preventing a spectral overlap.118,131 The range of absorption and emission only 

depends on the synthesis-controlled size and shape of a nanocrystal, enabling the design of any 

arbitrary excitation or fluorescence wavelength.112,122 In contrast to FPs or organic dyes, QDs are 

especially suitable for the application in repetitive imaging or long-term studies due to their high 

photostability and a fluorescence lifetime of about 10 to 100 ns.102,115 Their outstanding brightness 

is helpful for single-particle tracking and further allows the use of very low laser intensities which 

is particularly important for live-cell imaging.132 However, even though semiconductor 

nanocrystals provide many advantages, there is the concern about cytotoxicity due to heavy metal 

ions such as cadmium and selenium. As discussed in detail by Kargozar et al. (2020), there are 

several mechanisms that could explain QD cytotoxicity, such as core degradation and thus the 

release of toxic metals or the interaction of QDs with intracellular components.119 Hence, the 

research and establishment of a biocompatible surface modification shielding the inner toxic core 

from its environment plays a crucial role for a successful application in live-cell experiments.119,120 

There are various studies demonstrating no obvious toxicity with regard to cell proliferation or 

viability when using CdSe-based QDs, if an appropriate surface coating is applied.122,132-134 

2.2.2.2 Optical parameters 

Apart from the use of a suitable hardware setup and the choice of an appropriate fluorophore 

fitting the experimental purpose, there are additional optical parameters that should be 

considered to achieve high-quality fluorescence imaging. These include the fluorescence spectrum 

and possible interferences, the fluorescence lifetime, the photostability, or the brightness of a 

fluorophore.118  

Even though scientific literature usually refers to only one single absorption or emission 

wavelength associated with the maximum peak values indicated in the marker specifications, 

fluorophores in fact exhibit a broad spectrum of excitation and emission wavelengths.111 

Moreover, the absorption and emission spectra of different fluorophores tend to overlap which 

can induce an unwanted crosstalk when applying multi-color imaging.111 To prevent this 

phenomenon, the use of fluorescent markers with a large stokes shift or with clearly differing 

fluorescence spectrum is mandatory.111,113 In some cases, however, this crosstalk is essential, for 

example in the study of intermolecular interactions using Förster Resonance Energy Transfer. 

Here, the absorption spectrum of a fluorophore overlaps with the emission spectrum of an excited 

and very close (< 10 nm) fluorophore, resulting in the emission of a photon that is shifted to a 

larger wavelength via non-radiative energy transfer.135,136  

The presence of such a fluorescence quencher can in turn have an impact on the fluorescence 

lifetime of a fluorophore, even though this parameter is a more intrinsic property of a fluorescence 
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marker and ,thus, independent of experimental parameters such as the excitation wavelength or 

the duration of light exposure.112 More precisely, fluorescence lifetime is described as the average 

time that an excited fluorophore remains in its energetically unstable state before it returns to its 

ground state and therefore depends, for example, on the structure and type of a 

fluorophore.112,113,118  

Besides its lifetime, the photostability of a fluorescent marker is another important optical aspect 

in fluorescence imaging. In principle, a dye can infinitely run the cycle of excitation and emission 

but in reality, the actual amount depends on the type of fluorophore and on the experimental 

conditions.113,137,138 For good fluorophores the number of cycles can reach 10 000 to 40 000.113 

However, irreversible photobleaching remains one of the most restricting factors during FL.113 One 

option to prolong the photostability of a fluorophore is to reduce the light intensity as well as the 

duration of sample illumination to the minimum that is needed for generating an image. At the 

same time, the collection of fluorescence light should be enhanced by optimizing the microscopic 

hardware including filters, objectives, and the detector.111,137-139 The continuous progress in the 

development of fluorophores provides an increasing photostability which also benefits the 

brightness of a dye as another important optical parameter. 

The brightness or intensity of a dye is primarily determined by the extinction coefficient and the 

quantum yield.140 The former describes how efficiently light is absorbed by a fluorophore while 

the quantum yield specifies the ratio of emitted photons per absorbed photon.115,127,138 

Consequently, a fluorophore with a low rate in non-radiative deactivation compared to its rate of 

fluorescence means a high quantum yield. Together with a high extinction coefficient this reveals 

a fluorophore with the highest brightness.118,137 In addition, a high quantum yield also entails a 

lower probability of ISC which is in turn associated with photobleaching.113,118 Considering all these 

optical parameters, it is obvious that the suitable choice of fluorophore plays a crucial role in a 

successful performance of FL. 

2.2.3 The principle of fluorescence microscopy  

The key principle of a fluorescence microscope is based on the concept of epi-illumination where 

both excitation and emission light passage through the same objective.113,137,139 To achieve, 

however, a fluorescence image of high quality, the separation of excitation and emission light is 

mandatory (Figure 7). Therefore, a special beam splitter, called dichroic mirror (Dm), is required. 

This mirror operates in a way that the shorter wavelengths of excitation light are reflected while 

the longer wavelengths of the emission signal are transmitted towards a detector or 

camera.111,113,137 Although these mirrors are designed in a way that their transition between 
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reflection and transmission zone lays between the excitation and emission peak of a fluorophore, 

they generally encompass a range of wavelengths and therefore are rarely specific. This issue can 

be minimized either by using fluorophores with large stokes shifts or by integrating two additional 

filters: an excitation filter (Ex) and a blocking (B)/emission filter (Em).111,113,137 The former one 

functions as a selective pre-filter, allowing only a narrow band of excitation light to reach the Dm, 

while the blocking filter ensures that only longer wavelengths of the emission signal pass through. 

With the combination of these three filters, a precise separation between excitation and emission 

light is reached, ideally providing a fluorescence image without any background signal of other 

wavelengths.113,137 By using a light emitting diode (LED)-based light source which provides only a 

single wavelength for excitation instead of a mercury or xenon bulb, the quality of fluorescence 

imaging of a specimen can be further optimized.111  

 

Figure 7: Schematic view of an epi-fluorescence microscope. The excitation light (dark blue) is integrated 
into the microscope via an excitation filter (Ex) and reflected by a dichroic mirror (Dm 1) towards the 
specimen passing the objective. The emission signal (light blue) of the sample is then directed through the 
objective again and transmitted through the Dm 1. A blocking filter (B) ensures that only longer wavelengths 
will reach the emission cube, consisting of another dichromic mirror (Dm 2) and two emission filters (Em 1 
and 2) that additionally block unwanted light. Here, the fluorescence signal is separated into two beams 
(green and orange) and further directed to detectors such as a camera or photomultiplier (PMT). The 
brightfield illumination of a sample is possible by using transmitted light (dashed orange line) that passes 
both the excitation and emission cube to reach a detector. Reproduced and adapted from reference111, 
Copyright (2014), Cold Spring Harbor Laboratory Press. 
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Besides the precise signal separation, the spatial resolution of a microscope is also critical for the 

quality of a fluorescence image. Here, the theorem of Ernst Abbe named ‘diffraction limit’ plays a 

decisive role, approximating the resolution of a microscope as (Equation 3) 

𝑑𝑚 =
𝜆

2𝑁𝐴
=

𝜆

2𝑛 ∙ 𝑠𝑖𝑛𝛼
 

(3) 

where 𝑑𝑚 [m] is the minimum resolvable distance between two structures, 𝜆 [m] the wavelength 

of the used light, and 𝑁𝐴 the numerical aperture of the objective which is defined by the refractive 

index 𝑛 of the immersion medium between sample and objective lens, and the half-opening angle 

𝛼 [°] of the objective’s aperture.101,108,113 Both the wave nature of light and the optical features of 

an objective are limiting factors. However, in order to achieve high optical resolution, and because 

the nature of light cannot be changed, modern microscopic systems are often equipped with 

so-called immersion objectives. These are characterized in particular by the fact that they come 

up with a large half-angle and an immersion medium based on oil (𝑛 = 1.518) or water (𝑛 = 1.33) 

instead of air (𝑛 = 1.0), resulting in a high numerical aperture of about 𝑁𝐴 = 1.4.141,142 In this way, 

the number of collected photons can be increased, while the refraction and reflection of light at 

the interface between the cover glass and the immersion medium is decreased (Figure 8).113  

 

Figure 8: Exemplary light paths for oil, water, and dry objectives. The angles of refraction light illustrated 
as red, blue, and green arrows refer to the normal shown as black dashed line. (a) An oil immersion objective 
with the same refractive index for the oil and the mounting medium of the sample enables the collection of 
emission light coming from angles of up to 73°. (b) Water as immersion medium reveals an increased 
reflection of light of higher angles due to a smaller half-angle opening. (c) Dry objectives exhibit the highest 
discrepancy between immersion and mounting medium and provide the lowest yield of light. Reprinted 
from publication143, Copyright (2014), with permission from Elsevier. 

Combined with a wavelength in the range of visible light, for example 𝜆 = 555 nm, a resolution of 

~200 to 300 nm in lateral and ~500 to 800 nm in axial direction can be reached.108,111 Together 

with the simplicity in operation and handling, this makes conventional FL the standard method for 

the investigation of biological samples. Nevertheless, cellular compartments such as single 

proteins or organelles cannot be captured in detail via traditional FL. Therefore, more 

sophisticated technologies such as Structured Illumination Microscopy and even techniques with 
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sub-diffraction resolution like dSTORM or Stimulated Emission Depletion (STED) Microscopy were 

established in the last decades.110,144 The combination of different microscopic techniques plays 

an increasingly important role in today’s biological and medical research. 

2.3 Correlated microscopy 

In the last decades, correlative microscopy, combining the strength and qualities of two or more 

microscopic techniques, emerged to be a very important tool in the field of biophysics. By 

addressing one sample or the same region-of-interest (ROI) in a multifunctional way, 

complementary and often unique structural, morphological, mechanical, and biochemical 

information can be obtained, significantly exceeding the capabilities of a single-applied 

method.145-147  

FL provides a compatibility with living cells in a large field-of-view, an exceptional specificity via 

fluorescent labeling and an ease in handling, at least compared to many more complex 

techniques.148 Nevertheless, even advanced SR fluorescence techniques such as dSTORM or PALM 

are inferior to the sub-nanometer resolution of electron microscopy (EM). However, EM suffers 

in turn from a limited viewing window as much as it does from incompatibility with wet or living 

specimens.148,149 The correlative light electron microscopy (CLEM) has been one of the most widely 

used methodical combinations for decades, involving a successful approach of overcoming the 

aforementioned limitations. Moreover, it enables the monitoring of live-cell dynamics and the 

structural visualization of cells within the resolution of nano- to even picometers.147,148,150 Since its 

establishment in the 1980s, this multifunctional approach was continuously improved referring to 

the microscopic hardware including also SEM and transmission EM, sample preparation or 

fluorescent labeling.151,152 Especially in the neuroscience, CLEM enabled the addressing of long-

standing neurobiological questions such as the signal transmission via synaptic vesicles measuring 

over only a few nanometers.153-156 Furthermore, Fermie et al. (2018) presented a more advanced 

study of single organelle dynamics connected to their 3D ultrastructure by correlating live-cell 

imaging with 3D EM.157  

Besides CLEM, also AFM as prominent high-resolution surface imaging technique was combined 

with several types of light microscopy.158 This method differs from EM as it can provide 3D images 

of cells via cantilever scanning. This makes fixation or labeling redundant and, therefore, allows 

the investigation of living samples.148,159 Moreover, it has the huge advantage that not only the 

topographic profile of a cell, but also its mechanical properties can be directly probed, exceeding 

the capabilities of similar imaging methods.148,160 Nevertheless, analogue to other high-resolution 

techniques, AFM suffers from a small field-of-view. This can be circumvented by incorporating FL 



Chapter 2 

28 
 

which in turn provides the imaging of specific and fluorescently labeled cellular components.159 

El-Kirat-Chatel and Dufrêne (2012) correlated AFM with FL to fluorescently visualize the infection 

process of macrophages with Candida albicans as well-known fungal pathogen and, on the other 

hand, to profile the macrophage surface with nanoscale resolution.161 In addition, the integration 

of SR imaging techniques into AFM has become increasingly important in the evolution of 

multifunctional devices. The combination of two techniques with the same order of resolution has 

the potential of correlating topography and fluorescence imaging on a single-molecule level.160 

Consequently, AFM was correlated with a variety of SR techniques over the years, as illustrated in 

Figure 9. For instance, Odermatt et al. (2015) presented a high-resolution correlative system 

combining AFM with dSTORM and PALM, respectively.35 In this way, they quantified the density 

of actin filaments in a 3D topography and additionally examined time-resolved imaging of the 

reaction of a living cell to nanomechanical stimuli.35 In another study, Mathur et al. (2000) 

combined AFM with TIRFM to investigate the force transmission in endothelial cells.162 By applying 

AFM-based indentation on the apical cell surface, they visualized a reorganization of focal contacts 

on the basal membrane indicating a global force transmission from the apical to the basal cell 

surface.162 

 

Figure 9: Exemplary timeline of major advancements in combining AFM with fluorescence techniques. 
Over the years there was established a variety of hybrid systems, combining AFM with both far-field and 
near-field microscopy. These impressive advances have helped to bridge the gap between the achievable 
resolution of AFM and optical microscopy. Reproduced from reference158 with permission from the Royal 
Society of Chemistry. 

Despite all this progress in multifunctional devices, there is only little literature on correlative 

approaches specifically related to the more advanced AFM-based FluidFM® technology. 

Nevertheless, there are research groups that combined FluidFM® with FL to further support and 

complement their results. For instance, the group of J. Vorholt (2016) demonstrated cellular 
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extraction by optically tracking the withdrawal of fluorescently labeled intracellular content. In 

this way, they visualized the cellular extraction through the semitransparent cantilever and 

simultaneously observed a significant decrease in fluorescent signal within the cell.58 In another 

study, Roder and Hiller (2018) combined FluidFM® and FL for the highly localized delivery of a 

fluorescent dye inducing physiological reactions on living complex tissues.163 This pressure-

controlled delivery system was also used in a further study for a targeted isolation of single 

mammalian cells out of an adherent monolayer. Here, the delivery of fluorescently labeled trypsin 

was monitored yielding to a controlled detachment of a cell followed by its displacement via pick-

and-place experiments. Moreover, by fluorescently labeling a single cell or a bunch of cells with 

different dyes, a targeted cell sorting was demonstrated using combined FL and FluidFM®.45 

However, comparing these examples of correlative microscopy, it is noticeable that they are all 

focused on the performance of single-cell manipulation which was described in Chapter 2.1.2. The 

application of FluidFM®-based force spectroscopy together with FL is even more rare. 

Nevertheless, Potthoff et al. (2015) quantified the bacterial adhesion forces using FluidFM®-based 

SCFS.70 Prior to the detachment process, they selected a target cell via FL.70 In another study, they 

compared the adhesion forces of wild-type and mutant yeast cells, distinguished and optically 

selected via fluorescent labeling.39 Consequently, for both single-cell manipulation and SCFS, FL 

serves more as a pre-selection tool than truly contributing to a scientific question. Moreover, most 

of these studies are actually based on a sequential performance of experiments with subsequent 

data correlation to avoid typical complications of simultaneous application.35,164-168 This includes, 

for example, an appropriate sample preparation that meets both microscopic requirements at the 

same time, such as fixation, fluorescent labeling or the surrounding medium of a sample. 

Furthermore, an exact ROI alignment and a precise and automated data acquisition should be 

guaranteed.145,146 But especially in the case of force spectroscopy, a simultaneous correlation 

between FluidFM® and FL is challenging due to a possible cross-talk between cantilever and the 

fluorescent excitation light as already claimed by Friedrichs et al. (2013).38 

There are two main phenomena well-known in the context of correlative AFM: first, an excitation 

light-induced spurious cantilever deflection falsifying a correct force spectroscopy and second, an 

induced cantilever luminescence possibly distorting the fluorescence imaging. Cazaux et al. (2015) 

demonstrated that the shape and extent of cantilever bending strongly depend on the power of 

excitation light as well as on a present or absent gold-coating at the cantilever backside.37 

Moreover, the way of deflection (downward or upward) is influenced by the used wavelength. In 

the case of a gold layer, an illumination with ultraviolet (UV) light generated a strong upward 

bending while light in the visible range caused the cantilever to deflect downward. By contrast, 
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cantilever without a gold-coating revealed a noticeably lower deflection when irradiated with 

visible light, but in general an overall significantly higher baseline fluctuation.37 Additionally, 

Fernandes et al. (2020) stated that cantilever parameters such as geometry or stiffness should be 

further taken into account when circumventing these phenomena.27 Regarding the cantilever 

luminescence, the most widely used cantilever materials Si3N4 and Si may generate an 

autoluminescence of the AFM probe probably overlapping with the fluorescence emission 

signal.27,164 This in turn hinders an appropriate blocking without losing useful parts of the emission 

spectrum. Furthermore, Kassies et al. (2005) stated that the application of crystalline instead of 

amorphous Si, which is normally used for cantilever manufacturing, would provide a much lower 

luminescence due to its indirect band gab making crystalline Si to a very inefficient light source.164 

Nevertheless, the continuous advancement in instrumentation and sample preparation allows 

more and more research groups to realize the truly simultaneous application of hardware-site 

correlated techniques. For instance, Selhuber-Unkel et al. (2010) simultaneously used 

conventional AFM and FL to demonstrate that the lateral spacing of adhesion receptors such as 

integrin as well as the loading rate during the detachment strongly determines the strength of cell 

adhesion.85 Another study used correlative AFM and confocal laser scanning microscopy for 

simultaneous real-time imaging of cells while monitoring the surface ultrastructure, sample 

morphology, adhesion, and mechanical properties as well as optically tracking fluorescently 

labeled molecules.169 However, the simultaneous application of FluidFM® and FL has not been 

reported in literature so far. 

2.4 Cell adhesion 

The characteristic of cells to stick to an extracellular matrix (ECM) or to adjacent cells is crucial for 

the multicellularity of mammalian tissues. It plays a fundamental role in diverse physiological 

mechanisms and functions including tissue morphogenesis, cell communication, migration, or 

differentiation.10,170 Moreover, mutations of cell adhesion receptors contribute to developmental 

disorders and diseases, such as arthritis13,171, cardiovascular disease19, or cancer172,173. 

Consequently, for the therapeutic treatment and cure of such diseases, it is essential to 

understand the complexity of cell adhesion. 

2.4.1 Cell adhesion molecules (CAMs) 

The concept of cell adhesion is based on a variety of molecules mediating the adhesion of cells to 

an ECM or to another cell. Over the last years, a huge number of specific molecules have been 

identified and classified due to their structural and functional similarities. The most prominent 
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surface receptor families are integrins, selectins, cadherins, and members of the immunoglobulin 

(Ig) superfamily (Figure 10).174-176 Most of them are integral membrane proteins composed of 

intracellular, transmembrane, and extracellular domains with the latter binding to appropriate 

ligands.177,178 Depending on their counter-receptors, the cell adhesion molecules (CAMs) are 

traditionally grouped in cell-cell or cell-matrix adhesion molecules. A typical representative of the 

latter ones is the integrin family, which anchors a cell to the ECM by directly binding to 

extracellular ligands such as fibronectin, collagen, or laminin.10,177 The exact binding specificity, 

however, is defined by the combination of its subunits, 𝛼 and 𝛽, resulting in 24 heterodimeric 

family members.179,180 At the intracellular side, integrins are connected to the actin cytoskeleton 

via so-called focal adhesion (FA) complexes, which are highly organized by a cluster of divers 

proteins and further described in Chapter 2.4.2. This bi-directional connection enables the direct 

crosstalk between intracellular and extracellular compartments for mechanotransduction and cell 

signaling leading to cell migration, differentiation, or proliferation.10,170,181,182  

 

Figure 10: Schematic illustration of the cell adhesion process. An extracellular surface ligand binds to the 
integrin receptor which is located at the cell membrane. Throughout the cell adhesion process, the actin 
cytoskeleton is rearranged and a traction force in the substrate is generated. The rearrangement of actin 
filaments can be further induced via external stimuli. After cell-substrate adhesion, a cell can further interact 
with neighboring cells through other cell adhesion proteins such as cadherins, selectins or members of the 
immunoglobulin (Ig) superfamily. This interaction can lead to a variety of multiprotein complexes, such as 
tight junctions, which stimulate the intercellular communication and mechanical stability in tissues. 
Reprinted from publication176, Copyright (2019), with permission from Elsevier. 
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The cohesion of adjacent cells, on the other hand, is attributed to the CAM families of cadherins, 

selectins, and members of the Ig superfamily. Besides their structural differences, they are further 

classified by their type of ligands. Cadherins preferably form homophilic bonds while members of 

the Ig superfamily form both homophilic and heterophilic bonds.174,183 Selectins, by contrast, are 

associated with calcium-dependent binding to carbohydrates. They are the most recently 

described protein family of CAMs with three sub-classes, E-, P-, and L-selectins originally named 

by the cell type of their first discovery: endothelial cells, platelets, and leukocytes.183 They play a 

fundamental role in the initial stage of the ‘rolling cell adhesion cascade’ where circulating 

leukocytes are recruited to sites of infection or injury. Here, selectins are responsible for the 

leukocyte rolling on vascular surfaces where chemokines then trigger leukocyte integrins to 

enable the spreading and crawling and, finally, the para- and transcellular migration.184-186 This 

immune reaction is further supported by members of the Ig superfamily such as intercellular 

CAM1 (ICAM1) and vascular CAM1 (VCAM1) serving as heterotypic ligands for integrins during 

leukocyte arrest.184 Apart from this, a high number of Ig members contributes to divers steps of 

brain development including synapse formation and neuronal migration, and to the function and 

preservation of neuronal networks in the adult.187 Other members were classified as markers for 

cancer progression. For instance, the melanoma CAM is suspected to be involved in the 

progression of melanoma, prostate and breast cancer.188 In accordance with the contribution to a 

huge variety of physiological processes, the Ig superfamily with its more than 765 members 

represents the largest group of surface receptors. All members are composed of at least one 

N-terminal Ig or Ig-like domain, which is located at the extracellular site of the cell membrane and 

conveys cell-cell adhesion in a calcium-independent manner.183,188 In contrast, cadherin-mediated 

cohesion requires the presence of calcium ions to maintain the structural integrity of the 

protein.174,189 This large family of more than 350 adhesion molecules is divided into “classical” 

cadherins, i.e., neuronal (N)-, placental (P)-, retinal (R)-, and epithelial (E)-cadherins referring to 

the tissue in which they were originally found, desmosomal cadherins, and protocadherins.174,190-

193 The basic structure of classic cadherins is defined by a highly conserved cytoplasmic tail that is 

directly linked to the actin cytoskeleton and further connected via a single transmembrane 

domain to an extracellular N-terminal ectodomain (EC) of five tandem repeats. These external 

motifs are responsible for the strong adhesion of adjacent cells and, consequently the formation 

of intercellular adherens junctions (AJ). These junctions are typically characterized by a dense 

arrangement of E-cadherins, i.e., between intestinal epithelial cells.174,190,194-196 The 

protocadherins are predominant in the nervous system, where they play an important role in the 

formation, maintenance, and dynamic modification of synapses.191,193 Unlike classical cadherins, 
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the extracellular structure of protocadherins is not restricted to the number of EC domains which 

typically results in six or seven repeats.191,193,197 The desmosomal cadherins are based on the same 

extracellular structure as the classical ones. However, there are three isoforms of desmocollins 

(Dsc) that exhibit a different splicing in their cytoplasmic domain, which might affect the strength 

of cytoskeletal linkage.192,197,198 Nevertheless, desmosomal cadherins play the key role in another 

prominent anchoring junction named desmosome. Here, intermediate filaments of neighboring 

cells are strongly connected to provide mechanical stability within tissues that are regularly 

subjected to physical forces such as the cardiac muscle or epidermis.199-201 

Apart from the presented main groups of CAMs, there are further proteins that play an important 

role in the intercellular adhesion and communication. These include occludin, claudins, and the 

zonula occludens (ZO) proteins ZO-1, ZO-2, and ZO-3 as well as connexins and innexins. The two 

latter ones are representatives of gap junctions (GJ), while occludin, claudins, and ZO are part of 

the so-called tight junctions (TJ), both representing important cell-cell junctions that are described 

in Chapter 2.4.3 more in detail.195,202,203  

2.4.2 Cell-substrate adhesion 

For many years, cell-substrate adhesion and its functionality and structure have played a central 

role in the study of physiological processes such as cell migration, morphogenesis, wound healing, 

or immunity.183,204-206 In simple terms, the procedure of cell-matrix adhesion is composed of two 

phases: an initial cell attachment via integrin-ligand binding and a rapid reinforcement. The latter 

occurs in three steps: first, cell spreading for an increase of the cell-substrate contact area, second, 

protein clustering via receptor recruitment, and third, FA assembly including an enhanced 

intracellular force distribution and membrane stiffening.170,207 Due to their contribution to cell 

signaling, force transmission, and cytoskeletal regulation, the multiprotein complexes of FAs are 

highly essential in the development of cell-matrix adhesion.181,208 They are composed of integrins 

as surface receptors and a cytoplasmic protein array that serves as direct linkage to the actin 

cytoskeleton. Especially the latter one and its molecular organization was unraveled at the 

nanometer scale in the last years due to the steady and revolutionary progress in light microscopy. 

Kanchanawong et al. (2010) presented a nanoscale architecture of integrin-based mature FAs 

(Figure 11) using three-dimensional (3D) SR-FL.209 They revealed that integrin cytoplasmic tails and 

the actin cytoskeletal layer are vertically bridged by a ~40 nm thin central region consisting of 

specific but partially overlapping multiprotein strata. Here, the interior domain of integrins is 

coupled to the ‘integrin signaling layer’, which is composed of focal adhesion kinase (FAK) and 

paxillin considered to control the adhesion dynamics via signaling cascades. This is followed by a 
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‘force transduction layer’ represented by talin and vinculin. The final ‘actin regulatory layer’ is 

directly linked to the actin stress fibers and contains zyxin, vasodilator-stimulated phosphoprotein 

(VASP) and 𝛼-actinin.209,210 In particular, zyxin is responsible for the force-dependent actin 

polymerization and stress fiber remodeling and exclusively found in mature focal contacts.175,208,211 

However, talin represents one of the main actors in the overall organization and function of focal 

contacts. Its highly polarized structure not only allows spatial interaction with the integrin-

proximal region of FAK and paxillin, but also acts as a structural scaffold for FAs by spanning its 

stratified core and reaching the ‘actin regulatory layer’.175,209,210,212 Moreover, talin is critical for 

the first step of cell-matrix adhesion, since it highly increases the affinity to the ECM by triggering 

a conformational reorganization of the integrin.180,208,213,214 For the subsequent formation and 

stabilization of FA complexes, talin recruits vinculin as binding partner, which promotes the 

clustering of stimulated integrins and further generates a reinforcement of the integrin-actin-

linkage via the vinculin tail.208,214 The overall formation of mature focal contacts has been 

demonstrated to be even more complex with about 160 molecules contributing to the integrin-

mediated adhesion.208 The entire network consists of almost 700 interconnections mainly 

representing binding or modification interactions such as the mutual inhibition or activation of 

components.208 This complexity can be explained by the multi-domain nature of many plaque 

molecules. For example, paxillin, FAK, or vinculin have the ability to interact with more than ten 

different partners.181  

 

Figure 11: Schematic nanoscale architecture of focal adhesions. Integrins as transmembrane proteins 
attach the cell to an extracellular matrix (ECM) at its exterior domain. At its intracellular site, it is connected 
to the ‘signaling layer’ composed of focal adhesion kinase (FAK) and paxillin. This is followed by a linkage to 
talin and vinculin representing the ‘force transduction layer’. The subsequent ‘actin regulatory layer’ 
consists of zyxin, vasodilator-stimulated phosphoprotein (VASP) and 𝛼-actinin directly linked to the actin 
stress fibers. Protein stoichiometry is not depicted. Reprinted by permission from Springer Nature Customer 
Service Center GmbH: Nature209, Copyright (2010). 
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Besides the interactions inside the protein complex itself, the interplay between integrin spacing 

and surface properties like topography or chemical composition profoundly influences the 

generation of cell-matrix adhesion. Cavalcanti-Adam et al. (2007) demonstrated that the lateral 

spacing of ECM molecules containing arginine-glycine-aspartic acid controls the assembly of 

integrin receptors and, therefore, the dynamics of cell spreading, migration, or adhesion.215 These 

findings were supported by other researchers, who investigated cell stiffness and adhesion 

strength and correlated the formation of FAs to a minimum lateral ligand spacing of less than 

90 nm.85,216 Apart from this, the topography of substrates is important, especially with respect to 

implants and their interactions with cells. When FAs on stainless steel and titanium surfaces were 

compared to collagen-coated glass coverslips, FAs showed a smaller size and lower mobility on 

the metal surfaces.217 This was considered to induce a strengthening of the cell-ECM linkage but, 

at the same time, a weakening of the dynamic organization and remodeling of the ECM.217 On 

flexible substrates, in contrast, the assembly of stress fibers and FAs was highly decreased. Here, 

FAs showed an irregular morphology with higher dynamic whereas those on rigid substrates 

revealed a normal shape and an increased stability.218   

2.4.3 Cell-cell adhesion 

Cell-cell adhesion plays a fundamental role in the development and maintenance of organs and 

tissues. The contacts between adjacent cells act as both, protective barriers from their 

surroundings and as diffusion channels to maintain homeostasis. This is particularly important in 

the epithelium as well as in the blood-brain-barrier (BBB), which needs a precisely regulated ion 

flux for correct functionality.4,196,219  

The ability of neighboring cells to stick together is based on four intercellular junctions including 

TJs, AJs, desmosomes, and GJs, all consisting of a complex macromolecular structure.4,195,220,221 

Accordingly, their exact protein composition and respective function differs. As illustrated in 

Figure 12, TJs are mainly formed by transmembrane proteins such as claudins, occludins, and 

junctional adhesion molecules (JAM-A) as well as by three cytoplasmic proteins of the ZO family 

(ZO-1, ZO-2, ZO-3).195,222 While integral proteins, and in particular claudin, act as backbone of the 

TJ, ZOs are responsible for the association with the actin cytoskeleton or AJs.194,219 TJs are 

considered to have two main tasks: first, a barrier/gate function and second, a fence 

function.194,223 The former one regulates the paracellular transfer of ions and solutes. A 

disturbance in the barrier function can trigger disorders like Crohn’s disease, multiple sclerosis, 

edema, or blood-borne metastasis.219,224,225 The second function maintains cell polarity, i.e., it 

avoids the intermixing of membrane proteins at so-called ‘kissing points’. Thereby, TJs generate 
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an intercellular sealing by completely extinguishing the space between facing membranes.222,224 

By contrast, AJs and desmosomes preserve a narrow membrane separation of 15 to 20 nm at their 

contact points.222  

AJs are mainly assembled by the transmembrane cadherins, in particular E-cadherins, which 

associate with the actin cytoskeleton via cytoplasmic catenins (Figure 12, Module 1).4 Here, 

𝛽-catenin (Module 2) links E-cadherin to 𝛼-catenin (Module 3) which, in turn, binds to actin 

filaments via an interface zone containing vinculin.29,196,226 Similar to talin in integrin-mediated 

adhesion (Chapter 2.4.2), vinculin is crucial for the function of cadherin-based cohesion. After 

conformational activation, vinculin bridges the gap between the cadherin-catenin complex and 

the actin network. At the same time, it is responsible for the positioning of the actin regulators 

zyxin and VASP.29 This entire complex contributes to a strong mechanical coupling of adjacent 

cells. Moreover, it stimulates a signaling cascade that promotes cell polarization, cytoskeletal 

organization, transcriptional regulation, and mechanotransduction.4,29,227 Besides the classical 

cadherin-based cohesion, there are also AJs that contain a nectin-afadin complex. Analogously to 

cadherins, nectins provide a transmembrane domain and a cytoplasmic tail that is connected to 

an actin-binding protein, in this case, afadin.195,228 However, there are two main distinctions 

between these two complexes: firstly, nectins can form both homophilic and heterophilic 

interactions with family-related members, and secondly, the nectin-afadin complex is unable to 

establish strong cohesion like cadherins.195,229 Nevertheless, both complexes are fundamental for 

the development of AJs: While the attachment of neighboring membranes is initiated by nectins, 

the following formation of first adhesive contacts and subsequent strong AJs is promoted by 

cadherin recruitment.195,223,228 In addition, Campbell et al. (2018) stated that the assembly of AJs 

is a requirement for the successive formation of TJs. 195 This is further supported by in vitro 

knockdown studies of afadin, 𝛼-catenin, and ZO-1 which resulted in a lack of TJ formation.230,231 

Apart from TJs and AJs, desmosomes represent another important type of cell-cell junctions. They 

are specialized anchoring junctions, which preserve cell-cell adhesion even under substantial 

mechanical tension. This is of special importance for tissues that constantly endure physical stress, 

such as the myocardium.4,199 Similar to AJs, the adhesive core of desmosomes is composed of 

transmembrane cadherins that form intercellular adhesion by mechanically connecting the 

cytoskeleton of adjacent cells. However, the desmosomal cohesion is based on the linkage of 

intermediate filaments instead of the actin cytoskeleton.200,201 As illustrated in Figure 12, the 

desmosomal cadherin family consists of desmogleins (Dsg) and Dsc (Module 1). Their cytoplasmic 

domain is connected to plakoglobin (Pg) and plakophilins (Pkp) which are homologous to the 

𝛽-catenin in AJs (Module 2). These, in turn, are linked to desmoplakin (DP) which, as cytoskeleton 
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adapter, associates with the stress-bearing intermediate filament network (Module 3).192,220 

Analogously to TJs, the development of desmosomes depends on a prior formation of AJs.232 

According to Lewis et al. (1997), Pg, which is the only common component of both, desmosomes 

and AJs, plays a crucial role in the desmosomal-AJ crosstalk.232 Only the co-expression of 

E-cadherin and Pg stimulated the subsequent assembly of desmosomes.232 In addition, for the full 

maturation of desmosomes, the presence of both Dsg and Dsc is essential.233,234 The overall 

molecular composition and interaction of these complexes is also substantial for human health 

and disease. A dysfunction in cadherin-mediated cell-cell adhesion, including classical and 

desmosomal cadherins, has been associated with inherited disorders including life-threatening 

cardiac arrhythmias, skin and hair disorders, psychiatric diseases, or sensory defects such as 

blindness and deafness.234,235 

 

Figure 12: Schematic overview of major cell-cell junctions and their main components. Tight junctions are 
composed of the transmembrane proteins claudin and occluding which support the formation of the 
paracellular barrier. The assembly of these proteins is encouraged by the junctional adhesion molecule 
(JAM-A). On the intracellular site, this junction is strengthened via zonula occludens (ZO) proteins. Adherens 
junctions are responsible for the anchorage of the actin cytoskeleton of adjacent cells, mainly mediated by 
the classical cadherins (E-cad) (Module 1). These proteins are linked to actin filaments via the armadillo 
protein 𝛽-catenin (Module 2), the actin-binding protein 𝛼-catenin (Module 3), and the p120-catenin. 
Analogously, desmosomes are regulated by desmosomal cadherins which are classified as desmogleins 
(Dsg) and desmocollins (Dsc) (Module 1). These associate with armadillo proteins, plakoglobin (Pg) and 
plakophilins (Pkp) (Module 2), as well as with desmoplakin (DP) (Module 3) providing the linkage between 
keratin-containing intermediate filaments and the membrane. (Dense midline (DM), intercellular space 
(ICS), outer dense plaque (ODP), inner dense plaque (IDP)) GJs are composed of connexin proteins to build 
a connexin channel complex that enables the flow of small molecules, ions, and second messengers 
between the cells. (Cyclic adenosine monophosphate (cAMP), inositol trisphosphate (IP3),). Reprinted from 
reference220 as open-access article distributed under the terms of the Creative Commons Attribution 
License, which permits unrestricted use, distribution, and reproduction in any medium. 
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Besides the junctional complex of TJs, AJs, and desmosomes occurring in an apical-basal direction, 

there is the fourth type of intercellular connections, the GJs. They contribute to the electrical and 

chemical communication between cells via the formation of intercellular channels.4,234 As 

illustrated in Figure 12, their molecular structure is quite simple compared to the other junctions. 

Here, the space between opposing membranes is bridged by so-called connexons, which are 

composed of six oligomerized connexins forming homotypic or heterotypic channel 

complexes.236,237 These, in turn, assemble to microdomains which span the extracellular space and 

form the GJ. This enables the rapid exchange and transfer of ions, second messengers, e.g., cyclic 

adenosine monophosphate (cAMP) or inositol trisphosphate (IP3), and small molecules of up to 

1 to 2 kDa.236,238 However, the specific permeability of GJs is defined by their exact channel 

composition as well as by the tissue where they are formed.236 In the central nervous system, 

GJ-based neuronal communication is widely distributed. Due to their unobstructed diffusion of 

small molecules, GJs have the advantage of a delay-free signal transmission. This contrasts with 

the generally dominating synaptic communication, which is stimulated by chemical 

neurotransmitters and, therefore, suffers from a delay in the order of milliseconds.239 Moreover, 

GJs, along with AJs and desmosomes, are part of a specialized region in the plasma membrane of 

cardiac muscle cells, called intercalated disc. This junctional complex correlates mechanical and 

electrical functions and, thus, regulates a synchronized contraction of cardiac myocytes and, thus, 

a proper working heartbeat.220 

Finally, it is important to keep in mind that even though most studies are focused on cell-cell 

junctions as individual entities, none of these junctional complexes can be considered as a solo 

performer. It is rather an interlocking and interrelated network of many building blocks that are 

far from being completely understood. This perspective is also reflected by an increasing number 

of publications dealing with the crosstalk of the four major cell-cell junctions.195,232,240-242 

2.4.4 Characteristics of molecular cell bonding and rupture 

Apart from the molecular composition of adhesive cell contacts, the development and lifetime of 

cell adhesion strongly depends on the functionality and stability of its adhesive bonds. Especially 

under applied mechanical tension, it becomes apparent how resistant distinctive cell contacts are. 

Moreover, their behavior under stress provides information about the intermolecular dynamics 

of cell-adhesion and cell detachment.  

Since the first theoretical description of adhesive bonding by George I. Bell in 1978, two binding 

models have been established and extensively studied over the last years, slip- and 

catch-bonds.76,243 As illustrated in Figure 13a, the former ones are known to show an exponential 
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decrease of bond lifetime with increasing tensile force. Thereby, the external force is suggested 

to reduce the energy barrier between free states, inducing faster yielding of the molecules and, 

therefore, the shortening of bond lifetime.78,244 Catch-bonds, by contrast, counter-intuitively 

reveal a prolonged lifetime with increasing tensile mechanical force (Figure 13b). Here, 

mechanical stress rearranges the molecules in a way that they are packed more tightly. Only after 

reaching a maximum of critical force load, the lifetime decreases until the bond fails.244-247 The 

conventional slip-bonds have been experimentally proven in a variety of traditional receptor-

ligand bonds such as streptavidin-biotin, or biotin-avidin.247,248 The integrin family represents 

another prominent candidate for force-load analysis due to its high number of isoforms and its 

function as bi-directional mechanotransducer (Chapter 2.4.1).182 For instance, both the 𝛼IIb𝛽3 

integrin-fibrinogen as well as the 𝛼𝑣𝛽3 integrin-fibronectin linkage represent a robust single 

molecule slip-bond.249,250 Surprisingly, the 𝛼5𝛽1integrin isoform, as another fibronectin linker, 

shows a catch-bond behavior under force load.251 This encouraged Novikova and Storm (2019) to 

analyze the interplay of both bonding types during adhesion cluster formation.252 By means of a 

mathematical model, they demonstrated that a cluster of integrin-based slip- and catch-bonds 

shows a higher mechanical integrity under low force load. In parallel, a higher tensile force has 

the potential to reinforce and stabilize the entire FA complex.252 However, the most prominent 

catch-bond formation is represented by the selectin family. Almost 20 years ago, Marshall et al. 

(2003) experimentally proofed the characteristic prolonged bond lifetime between P-selectins and 

its P-selectin glycoprotein ligand-1.244 They further revealed that there is no pure catch-bonding, 

but rather a switch between catch- and slip-bonds. Above a critical force of ~10 pN, P-selectins 

showed the typical decrease in bond lifetime until complete failure. 244 A similar biphasic force 

response was also unveiled in L-selectins but, in this case, with a significantly higher critical force 

of about 50 pN.253 Moreover, L-selectins require a minimum level of fluid shear stress to promote 

adhesive bonding.254 This flow-adhesion behavior is important in the context of leukocyte-

mediated inflammatory response. Here, L-selectins are mainly responsible for the leukocyte 

rolling. Below the shear threshold, most cells roll with high velocity and detach frequently 

(slip-bond). With rising shear stress, L-selectin induced tethering increases, which results in a more 

slowly and more regularly leukocyte rolling (catch-bond). With further increasing shear stress, the 

rolling velocity inclines again, and tether formation is constantly reduced (slip-bond).185,186,254-256 

This dynamic balance between bond formation and breakage is suggested to be essential for the 

prevention of inappropriate leukocyte aggregation under low blood flow which might occur for 

example during deep vein thrombosis.185,254  
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Figure 13: Schematic comparison of slip- versus catch-bonds. (a) The lifetime of slip bonds is characterized 
by an exponential decrease with increasing tensile forces. (b) Catch-bonds have the counter-intuitive 
property to reveal a prolonged lifetime with increasing tensile force. After exceeding a critical maximum 
force, the lifetime decreases exponential until the receptor-ligand bond breaks. Therefore, catch-bonds are 
composed of a catch-slip-bond transition instead of pure catch-bonding. Reproduced from reference257, 
published under the Creative Commons CC-BY-NC-ND license, which permits non-commercial use of the 
work, without adaptation or alteration. 

Besides the conventional catch- and slip-bonds, classical cadherins form another adhesive linkage, 

ideal-bonds, which were first experimentally demonstrated in E-cadherins by Rakshit et al. 

(2012).243 In general, cadherins bind in two conformations, strand-swap and X-dimer. While the 

former one represents the classical slip-bond, the latter one shows the catch-bond indicating 

extended lifetime in the presence of tensile force.243 Here, the extracellular domain of cadherins 

is supposed to bend under mechanical stress which results in the formation of long-living 

hydrogen bonds enclosing X-dimers into a tighter complex.247 The ideal-bond of cadherins, 

however, is suggested to form when a X-dimer converts to strand-swap binding, making the 

adhesive bond insensitive to tensile forces and, thus, acts as a mechanical damper.243,258 This 

dynamic rearrangement of adhesive bonding enables cadherins to tolerate high mechanical stress 

and to regulate the mechanical tension in adhesive cell-cell junctions.243 For instance, Esfahani 

et al. (2021) demonstrated that cadherin-mediated cell-cell junctions can endure an externally 

applied strain of more than 200% before complete bond rupture.259 This high resistant is 

considered to be based on an interplay of cell-cell adhesion strengthening and cytoskeletal 

adjustment. Especially the latter one serves as first response to mechanical tension. Due to its 

viscoelastic characteristics and the myosin contractility, the actomyosin cortex immediately 

induces a stress relaxation preventing a direct bond rupture.259,260 This bridges the time of the 

more complex cell-cell adhesion enhancement. While the formation of catch-bonds only takes 
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seconds, the timescale of multiplication or assembly of adhesion complexes ranges from a few 

minutes to several hours after the first force load.243,259 Consequently, an increase in tension that 

is faster than the stress relaxation is inevitably provoking a tension buildup and, finally, cell-cell 

junction failure.259 
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3.1 Evaluation of the standard applications of conventional FluidFM®-

based force spectroscopy 

As illustrated in Chapter 2.1, the conventional FluidFM® technology offers a variety of different 

applications. To understand and learn the operation procedure and handling of FluidFM®-based 

force spectroscopy, the starting point of this thesis was set on the evaluation and application of 

indentation and classical cell adhesion measurements. Two different types of indentation 

experiments are presented in Chapter 3.1.1, including the examination of hydrogel fiber elasticity 

via colloidal indentation and the deformation of cells using tipless micropipette cantilevers. The 

investigation of cell adhesion forces is demonstrated in Chapter 3.1.2. All experiments of this 

section were performed with a conventional FluidFM® setup already described in detail by Sancho 

et al. (2017) and shortly depicted in the following chapter.40 

3.1.1 Indentation 

3.1.1.1 Colloidal indentation 

Due to the well-known interplay between cells and their surrounding matrix directly influencing 

e.g., proliferation, adhesion, or differentiation, a reliable and efficient evaluation of mechanical or 

morphological characteristics of both cell and material represents an important aspect in the field 

of biophysics.74,264-266 To date, FluidFM®-based nanoindentation as an improved version of the 

AFM-based technique (Chapter 2.1.2.4.3), is mainly applied to investigate the mechanical 

characteristics of cells exclusively.93,94,267,268  

In the emerging field of tissue engineering, especially the mechanical characterization of potential 

future biomaterials plays a crucial role. Therefore, Nahm et al. (2020) established a novel 

biomaterial ink platform using poly(2-ethyl-2-oxazine) (PEtOzi)-based hydrogel fibers which were 

produced via melt electrowriting (MEW) and mechanically quantified through FluidFM®-based 

colloidal indentation.263 The processing of these fibers was in particular special due to the fact that 

MEW is usually restricted to the use of hydrophobic and thermoplastic polymers such as 

poly(ε-caprolactone) (PCL).269,270 Hydrogels, in contrast, correspond to the exact opposite due to 

their high water content and, therefore, represent a new material class in MEW.263 Further details 

to the principle and processing of MEW as part of the evolving field of additive manufacturing is 

published in numerous articles and not part of this thesis.269-272  

For the evaluation of fiber elasticity, a conventional FluidFM® system was used, mainly composed 

of a scan head (FlexAFM V5+ SLD, Nanosurf GmbH, Langen, Germany) combining AFM with 

FluidFM® technology (Cytosurge AG, Glattbrugg, Switzerland), an inverted microscope 

(AxioObserver Z1, Carl ZEISS AG, Oberkochen, Germany) carrying a piezoelectric sample stage of 
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100 µm retraction range (npoint LC400 controller, Nanosurf GmbH, Langen, Germany) with the 

scan head on top and a microfluidic system (Cytosurge AG, Glattbrugg, Switzerland) allowing the 

targeted application of negative or overpressure via a microchanneled cantilever.  

 

Figure 14: Examination of fiber stiffness of polymer fibers via colloidal indentation. (a) Layered structure 
of the MEW printed scaffold in a dry state. (b) After hydration and swelling, the scaffolds are mechanically 
robust and can be easily handled and transferred (scale bar not specified in the original image). (c) A 
cantilever with immobilized bead at its aperture (blue arrow) is brought into contact with a polymer fiber. 
Scale bar: 50 µm. (d) Exemplary force-indentation curve (blue) showing the increase in force after reaching 
the contact point and the corresponding fit (red line) in accordance with the Hertzian model. (e) Distribution 
of measured Young’s moduli for three independent samples. (a, b, d, e) Reproduced and adapted from 
reference263, distributed under a Creative Commons Attribution – Non Commercial 3.0 Unported License. 

To examine the mechanical properties of the hydrogel fibers, a two-layered scaffold with a clearly 

defined fiber stacking was hydrated and inserted into the FluidFM® setup (Figure 14a and b). By 

aspirating a colloidal bead onto the cantilever aperture, as illustrated in Figure 14c, 

nanoindentation was performed. The fitting of the corresponding force-curves via Hertz model 

revealed Young’s moduli between (0.140 ± 0.042) MPa and (0.20 ± 0.10) MPa (Figure 14d and e). 

This is consistent with other water content hydrogels but much softer when compared to PCL as 

gold-standard polymer for MEW.269,271,273,274 While PCL represents a promising candidate for the 

application in stiff tissue environment such as cartilage or bone, the higher elasticity of hydrogels, 

which makes them also more flexible, is of special interest in the context of soft tissue 
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engineering.263,269 For instance, the use of hydrogels exemplifies a powerful tool in ophthalmologic 

research serving, for example, as accommodating intraocular lens or soft contact lenses.275,276 

Moreover, due to their tissue-like features, hydrogels also play a crucial role in the field of cardiac 

tissue engineering. In this context, they are often utilized as supporting matrices mimicking the 

biomechanical and biochemical properties of native tissue and, thus, delivering viable cells into 

the heart for cardiac regeneration.277,278  

Consequently, an appropriate examination of the mechanical characteristics is a crucial issue in 

the advancing field of biomaterial design. In this context, the FluidFM® technology represents a 

suitable method due to its fast and reversible colloidal exchange as well as its straightforward 

applicability in nanoindentation. 

3.1.1.2 Cellular compression 

Another important method in the field of additive manufacturing is 3D bioprinting. It aims the 

formation of 3D artificial multi-cellular tissue structures and, thus, the replacement of diseased or 

injured tissue.279,280 During the printing process, a so-called bioink consisting of a biomaterial-

based hydrogel, which encapsulates a suspension of cells, is pushed through a fine nozzle to 

subsequently form a tissue-like construct.281 For this reason, not only the biomaterial has to fulfill 

specific requirements such as proper mechanical and chemical properties or a high 

biocompatibility, but also the cells have to withstand high mechanical stress to guarantee an 

accurate functionality of printed scaffolds.280,282 Especially the latter aspect represents a major 

challenge in 3D bioprinting since hydrodynamic forces can cause large cellular deformations 

which, in turn, probably induce cell damage or even cell death.262,282 How strong the cells react to 

the external stress, experienced during the printing process, is mainly influenced by the viscosity 

of the surrounding hydrogel, the nozzle size, and the elastic behavior of the cells.262,282 Thus, a 

precise evaluation of the dependence between mechanical stress and cellular deformation is 

important for successfully creating cell-transporter medium and consequently tissue-like 

constructs. The most common approach of quantifying cellular elasticity is the Hertz model as 

described in Chapter 2.1.2.4.3. However, due to its limitation to small deformations, larger ones 

often cause major deviations from the approximations of the Hertzian theory.100,283 Thus, the 

simulation of cell mechanics in 3D bioprinting requires a more advanced approach including 

complex elastic material properties.  

Therefore, a novel numerical model was established and subsequently verified by comparing its 

predictions with the cellular compression of rat embryonic fibroblasts (REF52 cells) using 

FluidFM®-based indentation as presented by Müller et al. (2021).262,284 The detailed mathematical 

derivation of this model is described in the corresponding publication and beyond the scope of 
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this thesis. In simple terms, however, it is especially characterized by a 3D simulation of cells in 

arbitrary flow where they are contemplated as elastic continuum in accordance with the 

hyperelastic Mooney-Rivlin model. Moreover, it provides the possibility of including cellular 

compartments such as the nucleus.262 The experimental performance of cellular deformation was 

based on the same microscopic setup as presented in the previous chapter only differing in the 

fact that in this case, the micropipette was directly used as indenter without the application of a 

spherical bead.262 This allowed the aspiration of a target and suspended cell onto the cantilever 

aperture as illustrated in Figure 15a and b. Afterwards the attached cell was compressed by 

approaching the surface until a large deformation of up to 80% was reached.262 As illustrated in 

Figure 15c, the exemplary measured force-curves depicted with small squares initially reveal a 

slow increase until a deformation of about 40% is reached. This is directly followed by a rapid 

increase in force for large deformations. Moreover, although the difference in cell size is already 

considered within the calculations, it is clearly visible that the point of force growth changes 

between the individual cells indicating a definite variability of elastic behavior. Nevertheless, these 

experimental results reveal a very good agreement with the simulations, illustrated as colored 

solid lines (Figure 15c). Thereby, the Young’s modulus defines the overall force progression while 

the Mooney-Rivlin ratio 𝑤 determines the moment of force growth.262 Moreover, the latter one 

revealed a stronger force upturn with decreasing shear moduli 𝑤 as indicated in Figure 15c where 

the ratios of 𝑤 = 0.25 show the earliest force growth. In contrast, the blue and red curve with 

ratios of 𝑤 = 0.5 and 𝑤 = 1, respectively, only start to increase at higher deformations. In case of 

Young’s moduli, values of 110 Pa to 160 Pa were examined which is in the range of typical elastic 

moduli of cells.285,286 Comparing the excellent matching results of experimental compression and 

simulation data with the Hertz theory illustrated as black line, the same progression is visible in 

case of very small deformations. However, with increasing deformations, a significant discrepancy 

is visible due to the linear behavior of the Hertzian model. This strengthens the need of the 

presented hyperelastic model, which allows a much more realistic prediction of cellular force-

deformation behavior in strong hydrodynamic flows. Moreover, it provides a tool for 

biofabrication researchers to adjust the parameters of the 3D bioprinting process in a way that 

cell viability and consequently the functionality of tissue constructs can be preserved. 
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Figure 15: Evaluation of high cellular deformation via FluidFM®-based indentation. Exemplary image of a 
cantilever that is aligned towards a target and suspended REF52 cell (a), followed by its aspiration at the 
aperture (b) by applying a negative pressure. Scale bar: 50 µm. (c) Illustration of the dependence between 
normal force and deformation comparing the experimentally evaluated force data of compressed REF52 
cells (squares) with the established hyperelastic model (colored lines) as well as with the conventional 
Hertzian model for spherical indenters (black line). (a and c) Reproduced from reference262, distributed 
under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, 
distribution, and reproduction in any medium or format. 

3.1.2 Cell adhesion 

Besides the investigation of material or cellular stiffness, also the study of cell adhesion is essential 

for the complex design and development of biomaterials. For instance, tissue-constructs that are 

inserted into blood vessels demand a non-adherent surface to prevent the occurrence of 

embolism or thrombosis. In contrast, biomaterials that serve as scaffolds for tissue regeneration 

require the adhesion of cells to promote proliferation and biosynthesis.10,287 Thus, the successful 

implantation of a biomaterial strongly depends on the affinity or aversion of cells towards a 

substrate. In a more biological context, cell adhesion is essential for a variety of biological 

processes and functions such as cellular communication, migration, or differentiation.10,267,288 

However, it is also well-known that alterations in cell adhesion are responsible for diseases such 

as osteoporosis289,290, atherosclerosis291,292 , or cancer172,293. Especially the latter is characterized 

by reduced intercellular adhesiveness inducing the dissociation of malignant cells which, in turn, 
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adopt a more invasive phenotype and, finally, metastasize.293 Therefore, a detailed evaluation of 

cell adhesion and its biomechanics plays a crucial role in the progression of therapeutic strategies 

as well as in the emerging field of biofabrication. 

The FluidFM® technology with its integrated microfluidics (Chapter 2.1.2.4.2) represents a very 

suitable approach for quantifying the adhesion forces of mature cells. Figure 16a shows an 

exemplary force-curve of a spread and single REF52 cell (Figure 16b, marked with blue arrows) 

measured with a conventional FluidFM® system as described in Chapter 3.1.1.1. It is composed of 

the typical three sections of approach, immobilization, and retraction. As already described in 

detail in Chapter 2.1.2.4.1 and 2.1.2.4.2, the first phase represents the approach of cantilever and 

target cell until a contact is reached (approach, red section). This is followed by a constant suction 

pressure to immobilize the cell at the cantilever aperture (immobilization, green section). The last 

phase illustrates the retraction-curve, which shows the typical process of cellular detachment 

(retraction, blue section). Here, the force increases within a few seconds until the MDF is reached 

representing the highest point of cell-substrate binding.74 This is followed by multiple detachment 

steps visible as abrupt force-jumps. After complete cell detachment, the force decreases to a 

minimum, which is often slightly shifted towards negative values. This is due to viscous drag and 

the additional weight of the attached cell, hindering the cantilever deflection to return to its initial 

state.38 This progression in force is consistent with the ones of other studies using FluidFM® 

technology.68,267 Moreover, the MDF of (-556 ± 149) nN especially highlights the capability of 

FluidFM® to measure high forces occurring at mature focal contacts. This was not possible if 

classical AFM was the only method for evaluating cell adhesion with high precision. As described 

in Chapter 2.1.2.4.2, AFM has the major drawback that it is limited to the evaluation of forces that 

do not exceed the adhesive forces between a cantilever and a chemically attached cell. Therefore, 

it is restricted to the measurement of early-stage adhesion which usually does not exhibit a 

distinct formation of focal or cell-cell contacts.25,40 

The procedure of the cell detachment is further illustrated via a step-by-step composition of 

brightfield images recorded during the measurement (Figure 16c). Here, it is clearly visible that 

the optical tracking of the cell is hampered by both low resolution and a lack of focal stability, 

which increases with proceeding separation and reaches a maximum when the cell is fully 

detached. Consequently, a precise visualization of the cellular detachment and its individual 

unbinding steps at the cell-ECM interface is not feasible. However, this is not surprising 

considering that the establishment of FluidFM®-based SCFS was solely focused on the 

quantification and analysis of FD-curves and not on the high-resolution visualization of the 

corresponding separation process.25,43,50 Nevertheless, the correlation of force data with the 
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cellular movement during detachment is of high interest when it comes to a deeper understanding 

of the complexity of cell mechanics. Moreover, the variety of detachment steps revealed in the 

force-curve are probably linked to different types of unbinding mechanisms such as tether 

formation, so-called jumps or the occurrence of slip or catch-bonds. Although these phenomena 

are already well described in literature, the focus has always been on the force-curve analysis or 

on a mathematical derivation.38,74,78,244,294,295 However, an appropriate visualization of these 

unbinding steps and its specific correlation to the progression in force is still missing. In addition, 

the restriction of conventional FluidFM® to brightfield illumination hinders the monitoring of 

intracellular processes during cellular detachment. Consequently, the simultaneous application of 

fluorescence light and FluidFM®-based SCFS has the potential to reveal new insights into the 

biomechanics of cell adhesion. 

 

Figure 16: FluidFM®-based cell adhesion. (a) Exemplary force-curve of a whole cellular detachment process 
composing of three sections: approach (red), immobilization (green), and retraction (blue). The highest 
point of adhesion force is represented by the maximum detachment force (MDF). (b) Microscopic image of 
a single REF52 cell (blue arrows) that is aligned towards the cantilever. (c) Step-by-step composition of a 
detachment process recorded without focus control starting with a focused image during the approach 
(upper left image), an increasing loss in focus with proceeding measurement and ending with a blurry image 
after complete detachment (bottom right image). Scale bar: 50 µm. 
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3.2 Design and fabrication of the correlated FL-FluidFM® device 

To achieve a correlated and simultaneous application of FL and FluidFM® technology, the 

establishment of a novel multifunctional hardware setup was necessary. Therefore, several 

hardware adjustments were performed including, for instance, the implementation of a new 

fluorescence light source, the optimization of focus stability and the integration of independent 

control units for each microscopic system. 

First, an overview of the main components of the correlated FL and FluidFM® (FL-FluidFM®) setup 

is given (Chapter 3.2.1) followed by a schematic presentation of the device circuit and important 

interconnections as well as the working principle and the benefits of an integrated Piezo Flexure 

Objective Positioner (PIFOC) (Chapter 3.2.2). 

3.2.1 Hardware setup 

The establishment of multifunctional devices has emerged to be a hot topic in the understanding 

of biosciences due to its combined addressing of long-lasting biological questions. Already in 2012, 

Nature has highlighted the advantages of correlative microscopy by declaring two microscopes 

are better than one.159 Especially AFM, as already described in Chapter 2.3, was combined with a 

variety of optical microscopy techniques like TIRFM162,296,297 or dSTORM35,36 providing remarkable 

advances in biological research. However, the non-feasibility of simultaneous data acquisition as 

well as the restriction of AFM to early-stage adhesion represented a major drawback.37,38 Thus, 

the FluidFM® technology was developed by Zambelli’s group in 2009.41 Besides its application for 

intracellular injection46,58 and pick-and-place experiments44,45, FluidFM® has become the 

gold-standard method for investigating mature cell adhesion40,42,68. Nevertheless, to the best of 

my knowledge, a multifunctional system that enables the quantification and visualization of 

mature cell adhesion at the same time is still lacking. To fill this gap, a novel in-house developed 

FL-FluidFM® device was established, paving the way towards real-time optical tracking of cellular 

detachment. 

Figure 17 shows a schematic illustration of the main components (Figure 17a and b) as well as 

photographs of the multifunctional device in laboratory (Figure 17c and d). The base of this system 

was the conventional FluidFM® setup already described in Chapter 3.1.1.1. Hence, for the 

establishment of the novel device aiming the high-precision monitoring of cell detachments, the 

optimization of the optical components was crucial. Therefore, a high-numerical immersion oil 

objective (Plan-Apochromat 40x/1.4 Oil DICIII, Carl ZEISS AG, Oberkochen, Germany) as well as a 

piezo-driven PIFOC system (nanoFaktur GmbH, Villingen-Schwenningen, Germany) was 

implemented, providing high optical resolution and focus stability throughout an experiment 
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(Figure 17b and d). For a simultaneous visual control over the cantilever alignment and the FL, the 

output signal is directed to two independent cameras via a double-camera port including a 

reversible 50:50 beam splitter. The acquisition of fluorescence signal is accomplished using a 

monochromatic charge-coupled device (CCD) camera (AxioCam MRm, Carl ZEISS, Oberkochen, 

Germany) while laser spot alignment of the FluidFM® is performed with a complementary metal-

oxide semiconductor (CMOS) camera (UI-3060CP-M-GL Rev.2, IDS Imaging Development Systems 

GmbH, Obersulm, Germany). A LED light source (Colibri 7, Carl ZEISS AG, Oberkochen, Germany) 

was implemented for the fluorescent illumination, providing up to seven fluorescence excitation 

lines and fast channel switching in the range of microseconds. By integrating a high efficiency filter 

set (90 HE LED Carl ZEISS AG, Oberkochen, Germany), four excitation wavelengths 

(385/475/555/630 nm) are available simultaneously. To shield any noise, the whole FL-FluidFM® 

system is placed on a vibration isolation base (Accurion Halcyonics-i4, Accurion GmbH, Göttingen, 

Germany) and covered by an acoustic protection box. 

 

Figure 17: Composition of a customized FL-FluidFM® system. (a) Schematic setup of the whole 
multifunctional device based on a conventional FluidFM® system that is connected to a monochromatic 
light emitting diode (LED) light source for fluorescence illumination. The components marked with a black 
dashed square are illustrated more in detail in (b) showing the view of the interface between sample and 
high-numerical objective mounted on a Piezo Flexure Objective Positioner (PIFOC) module. (c) Photograph 
of the whole device in laboratory. (d) Photograph of the PIFOC carrying the high-resolution objective. 
Reproduced and adapted from reference261, distributed as open-access article under the license of a 
Creative Commons Attribution (CC BY-NC 4.0). 
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3.2.2 Device circuit and working principle of a PIFOC 

The achievement of a high optical resolution together with a high focus stability represented a 

crucial part for the realization of high-quality visualization of a cellular detachment. As 

schematically illustrated in Figure 18a, in a conventional FluidFM® setup, the focus level initially 

set onto the target cell stays at its position during the whole retraction process resulting in a total 

loss in focus and making an optical monitoring of cellular movement impossible. This can be 

referred to the fact that the invention of FluidFM® in 2009 was more focused on the establishment 

of a liquid delivery system via microfluidics than on a detailed sample visualization.41 Moreover, 

for the conventional examination of mechanical properties or adhesion forces, a high precision in 

force spectroscopy is more important than a detailed and real-time optical monitoring.39,70,93  

To circumvent this major drawback in a correlative FL-FluidFM® system, a piezo-driven PIFOC 

system was implemented allowing a precisely guided motion of the objective with a resolution in 

the nanometer range. This movement in turn was synchronized with the downward motion of the 

100 µm z-stage, as illustrated in Figure 18a “FL-FluidFM®”. In this way, a dynamic but stable focal 

plane was ensured, guaranteeing a continuous optical tracking of the cellular detachment without 

any loss in focus. This parallel movement of z-stage and objective driven by the PIFOC is achieved 

by controlling both components with the same input signal coming from the C3000 unit, as 

indicated in Figure 18b via green and yellow arrows. Moreover, a stable positioning is constantly 

regulated via a closed feedback loop. To further optimize the optical resolution, a high-numerical 

objective was implemented whose application is already well-established in the context of 

correlative SR-AFM microscopy.34,35,167,298  

Besides the implementation of advanced hardware components, also the operation mode of the 

two technologies played a crucial role in the correlation of different microscopy techniques 

preventing mutual software blocking.145,146 Therefore, FluidFM® and FL had to be operated 

independently meaning in detail that their respective controlling programs were performed on 

two separated computers. Moreover, a simultaneous addressing of the same hardware 

components with different commands from the two technologies had to be avoided, otherwise a 

system breakdown could occur. Since the FluidFM® software needs access to the microscope and 

its objectives for the focus control, the FL software was only connected to its fluorescence light 

source and its corresponding camera. Therefore, the change of objectives or filters had to be 

performed manually.  
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Figure 18: Schematic view of the working principle of a PIFOC. (a) A conventional FluidFM® is based on a 
dry objective and no focus control resulting in a low optical resolution and a loss in focus during cellular 
detachment which is guided via a downward movement of the sample stage. By contrast, the optical 
properties of a correlated FL-FluidFM® system are optimized by the implementation of a high-numerical oil 
objective and piezo-driven PIFOC ensuring a stable focus level throughout a whole experiment. Here, the 
preset focus stays on its level by using a synchronized movement of sample stage and objective. (b) The 
schematic side view illustrates the microscope as base carrying a revolver with the integrated PIFOC and 
objective. On top, there is the xy-stage holding the 100 µm z-stage. The synchronized movement of 
objective and z-stage is achieved by controlling both PIFOC (yellow arrows) and z-stage (dark green arrows) 
with the same input signal coming from the C3000 control unit. This is continuously regulated via a feedback 
loop running the z-stage in vertical direction (dark green arrows). Reproduced and adapted from 
reference261, distributed as open-access article under the license of a Creative Commons Attribution 
(CC BY-NC 4.0). 
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3.3 Visualization of cellular detachments with optimized focus stability 

and high optical resolution 

After successfully embedding a high-numerical immersion oil objective and a PIFOC system into 

the microscopic hardware, cellular detachment experiments of single REF52 cells were performed 

comparing the imaging qualities of the optimized FL-FluidFM® with the old, conventional FluidFM® 

setup (Figure 19). In both cases, three brightfield images are provided showing the start, a mid-

step, and the end of a cellular detachment process. Considering that the standard FluidFM® has 

no focus control and only consists of a dry objective, it is not surprising that the performance of 

the conventional device shows a low optical resolution and no focus stability (Figure 19a-c). Thus, 

a detailed optical tracking of cellular movements during a detachment would be nearly impossible. 

By contrast, the implementation of an immersion oil objective entailed an optimized resolution 

which is beneficial for the more detailed analysis of intracellular movements during cellular 

de-adhesion. Especially in comparison with already well-established correlative AFM systems 

focused on the high-resolution visualization, it is noticeable that all of them are based on high-

numerical objectives demonstrating its importance when designing a multifunctional 

device.27,34,165,167,169,296  

 

Figure 19: Comparison of the focus stability and optical resolution between a standard FluidFM® (a-c) and 
FL-FluidFM® setup (d-f). Both cases show a composition of three brightfield images taken at the beginning, 
in the middle and at the end of a cell detachment experiment. Blue arrows mark the respective cell which 
will be detached. (a-c) Images taken with a commonly used FluidFM® system show reduced optical 
resolution and a loss in focus. (d-f) Brightfield images illustrate the high optical resolution and high focus 
stability of a detachment process which was monitored using the correlated FL-FluidFM® device. Scale bar: 
20 µm. Reproduced and adapted from reference261, distributed as open-access article under the license of 
a Creative Commons Attribution (CC BY-NC 4.0). 

Furthermore, the use of a PIFOC system results in high focus stability during the entire 

measurement as illustrated in Figure 19d-f. Here, the interface between cell and substrate stays 
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in the focal plane until the cell is fully detached (Figure 19f), enabling a real-time visualization of 

an entire unbinding process. This hardware configuration was also demonstrated in a study of 

Puech et al. (2006) where they used a piezo-driven objective for the monitoring of cell morphology 

while quantifying cell-cell adhesion forces using AFM.73 Therefore, combining the integration of a 

PIFOC with the optimization of microscopic visualization qualities seems to pave the way for the 

first time to a real-time and correlated investigation of cellular insights and cell adhesion forces 

occurring during the detachment of mature cells. 

3.4 Verification of FluidFM® functionality after successful adaptation of 

focus control and optical resolution 

3.4.1 Comparison of force-distance curves 

After successfully advancing the device by implementing the PIFOC and the oil immersion 

objective, the functionality of the setup was validated. Here, the focus was on the occurrence of 

noise caused by the additional component of mechanical motion when simultaneously positioning 

a PIFOC-controlled objective and the sample stage. This, in turn, can affect the highly sensitive 

force measurements. Furthermore, the oil film between objective and substrate could offer a 

direct transmission path of vibrations into the experimental medium surrounding the cantilever 

and thus also onto the cantilever itself. To ensure that vibrations did not negatively influence the 

high-sensitive measurement procedure of the FluidFM® technology, SCFS was performed by using 

the novel and focus-controlled as well as the conventional FluidFM® device.  

Figure 20a illustrates the exemplary force-curve of a detached REF52 cell using either the standard 

FluidFM® (Figure 20a (I)) or the correlated FL-FluidFM® (Figure 20a (II)) setup without and with 

PIFOC and oil immersion objective, respectively. Both curves are composed of the typical three 

sections of approach, immobilization, and retraction and show a similar force progression with 

respect to the precision of the method. Especially the third section, which is the most important 

one for cell adhesion analysis, reveals a high number of multiple unbinding events in both cases. 

Comparing the shape of these exemplary force-curves with the ones of other studies, no 

remarkable difference was visible.38,40,68,74 Also, the two MDFs are in the same order of magnitude 

when considering their standard deviations (FluidFM®: (-253 ± 75) nN and FL-FluidFM®: 

(-334 ± 91) nN)). At first sight, this indicates no apparent negative influence on the data acquisition 

using the advanced FL-FluidFM® that can be clearly attributed to the implementation of PIFOC or 

high-numerical objective. Nevertheless, the difference of almost one hundred of nanonewton 

between the two maximum forces cannot be disregarded. At first glance, this can be explained 

with the individuality of each cell regarding size and, therefore, contact area, stiffness, or the 
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number of focal contact points.74,85 However, comparing the respective totality of cells recorded 

without or with improved optics (Figure 20b (I) and (II)), it is apparent that the cells investigated 

with the new hardware have with (-467 ± 106) nN an overall higher MDF on average than the ones 

investigated with the standard FluidFM® (MDFmean = (-219 ± 78) nN), even though the overall 

course of detachment forces shows the typical progression in both cases.  

 

Figure 20: Exemplary FD-curves of detached REF52 cells using the conventional FluidFM® and the 
optimized FL-FluidFM® hardware. All experiments were recorded under brightfield illumination. (a) Both 
measurements show the typical force progression of approach, immobilization, and retraction as well as a 
maximum detachment force (MDF) at the highest point of force followed by several force-steps. 
(I) Exemplary force-curve of a detached REF52 cell, which was recorded with the standard FluidFM® device. 
(II) Force-curve of a cell that was detached from a substrate using the correlated FL-FluidFM® device. 
(b) Totality of detached REF52 cells using the conventional FluidFM® system (I), the correlated FL-FluidFM® 
device (II), and the correlated one but without the PIFOC, respectively (III). All curves reveal the typical way 
of cellular detachment, even though each cell shows an individual MDF, numbers of detachment steps and 
overall time of separation. (I) n = 13 REF52 cells were detached showing a MDF of (-219 ± 77) nN on average. 
(II) n = 11 REF52 cells were detached, revealing an overall higher MDF of (-467 ± 105) nN while the 
difference in the number of unbinding steps and needed time for detachment remains. (III) Force-curves of 
n = 11 REF52 cells presenting a mean MDF of (-281 ± 98) nN. Also in this case, the number of steps and the 
time of separation differs between the individual cells. Reproduced and adapted from reference261, 
distributed as open-access article under the license of a Creative Commons Attribution (CC BY-NC 4.0). 

To further analyze a possible effect of the setup adjustment, additional measurements were 

carried out only with an oil objective and without the PIFOC system (Figure 20b (III)). Here, the 

average MDF was with (-281 ± 98) nN in the same range of the one measured with the standard 
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FluidFM® device, clearly indicating that the high-numerical objective cannot be the reason for the 

deviation in MDFs. In addition, contemplating the already mentioned and well-established use of 

PIFOC and immersion oil objective in AFM and correlative microscopy, an impact on the quality of 

FluidFM® performance is very unlikely.164,169,299-301 Nevertheless, there are other effects that 

should be taken into account as influencing factors such as the cantilever and its characteristic 

parameters as illustrated in the following chapter. 

3.4.2 Cantilever properties as influencing factors 

Due to the most likely exclusion of PIFOC and high-numerical objective as a possible source for 

the discrepancy in MDFs, the cantilever, and its properties as direct link to the measured forces 

have to be considered as interfering factors as well. The importance and influence of this 

parameters on the accuracy of force spectroscopy are already well-known in the research field of 

conventional AFM.302,303 Nagy et al. (2019), however, recently discussed this issue in the context 

of FluidFM® by discussing the effect of micropipette cantilever spring constant and deflection 

sensitivity on the reliability of force spectroscopy data.304 Here, they revealed that the standard 

error of already published SCFS data ranged from 11.8% to even 50%. These deviations are often 

explained via biological diversity but referring to Nagy et al. the cantilever calibration and even 

more the characteristics of aperture size, the underlaying substrate, and the position of the laser 

spot are crucial factors for the accuracy of calibration and, therefore, for force spectroscopy 

data.304 Finally, they stated that especially the latter aspect is the most important one, significantly 

influencing the calibration accuracy of cantilever sensitivity and spring constant. Moreover, they 

reported that the most reliable spring constant values can be reached by positioning the laser spot 

on the first pair of cantilever pillars.304 Nevertheless, the intrinsic fluctuation between different 

cantilevers cannot be prevented. Consequently, there are many parameters that can have an 

influence on the results of force spectroscopy. 

In this context, a discrepancy between the measured MDFs which are illustrated in Figure 21 is 

not surprising. Even though all experiments were performed with the same cantilever type and 

calibration method and almost equal laser spot positions, depending on the respective laser 

intensity, the use of two different cantilevers resulted in a significant parameter variation after 

calibration. Especially the calibrated spring constants kCalib of the used cantilevers showed with 

1.25 N m-1 and 2.55 N m-1 a remarkable difference, while the calibrated deflection sensitivities 

δCalib (without PIFOC: δCalib = 8.56 x 10-8 m V-1, with PIFOC: δCalib = 8.31 x 10-8 m V-1) were in the 

same order of magnitude. Considering the mathematical proportionality between the force and 

different cantilever parameters (Equation 1), it is very likely that the high difference in cantilever 
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stiffness is responsible for the discrepancy between the mean MDFs instead of the 

implementation of PIFOC or oil objective. This becomes especially clear, when comparing the 

respective MDF distributions with the corresponding spring constants as illustrated in Figure 21.  

 

Figure 21: Comparison of the MDF depending on the different hardware configurations and cantilever 
parameters. The outer left and right box-plots show the force distribution of forces measured with the same 
cantilever (blue) and without PIFOC and dry objective (left) or oil objective (right). The two box-plots in the 
middle are based on the same raw data recorded with PIFOC and oil objective. Here, the purple box-plot 
indicates the force distribution recorded with the originally used cantilever, while the blue box-plot shows 
the force values calculated with the same cantilever parameters as used in the measurements without 
PIFOC. A comparison of these two box-plots reveals a noticeable shift towards lower forces demonstrating 
a strong dependence between detachment forces and cantilever parameters. Reproduced and adapted 
from reference261, distributed as open-access article under the license of a Creative Commons Attribution 
(CC BY-NC 4.0). 

Here, it is noticeable that low MDFs as in the case of “Without PIFOC and dry objective” and 

“Without PIFOC and oil objective” were both performed with the same cantilever of low spring 

constant. In contrast, the high MDFs which were quantified with the optimized FL-FluidFM® 

system (Figure 21: purple box-plot) were based on the cantilever whose calibrated spring constant 

was twice as high, yielding to overall much higher forces. Moreover, by comparing the original 

MDFs recorded with PIFOC (purple box-plot) with the ones calculated with the cantilever 

parameters used for the measurements without PIFOC, a clear shift towards lower forces is visible 

(Figure 21, “With PIFOC and oil objective”, blue box-plot). Here, the average MDF of 
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(-236.15 ± 52.96) nN is in the same range as the ones without PIFOC. Therefore, it can be stated 

that neither the modification of the device nor the biological diversity of the cells is the decisive 

factor for the overall increase in MDF after setup optimization. Moreover, it can be concluded that 

the integration of PIFOC and oil objective allowed a real-time optical tracking of cellular 

detachment with extraordinary focus stability and high optical resolution for the first time. 

3.5 Integration of fluorescence illumination for the visualization of cellular 

components during cell detachment 

After the successful implementation of PIFOC and high-numerical objective, the next step in 

establishing a correlated FL-FluidFM® setup was the concurrent fluorescent visualization of 

cellular insights. For this purpose, fluorescence illumination was integrated into the experimental 

procedure. Furthermore, REF52 cells stably expressing paxillin-YFP as one of the well-known FA 

proteins85,205,209, were additionally transiently transfected with LifeAct-mCherry to fluorescently 

label the F-actin cytoskeleton. This was followed by the performance of proof-of-principle 

experiments that, together with the high focus stability, demonstrated the successful feasibility 

of real-time optical tracking of an entire cell detachment process under fluorescence illumination 

(Figure 22).  

Figure 22a shows an example of a dual-fluorescently labeled cell under brightfield illumination, 

well-aligned towards the cantilever. The fluorescently labeled paxillin (Figure 22b) and F-actin 

filaments (Figure 22c) are illustrated in green and orange signals, respectively. In addition, the 

overlay image (Figure 22d) demonstrates a spread cell morphology with paxillin allocated at the 

ends of elongated actin filaments. This is consistent with the study of Kanchanawong et al. (2010) 

who presented a 3D nanoscale architecture of FAs using SR-FL.209 However, it has to be mentioned 

that although fluorescence images were recorded using dual-fluorescence illumination, the 

correlated acquisition of FL-FluidFM® data involved some challenges. As previously stated 

(Chapter 2.3), the coincidence of cantilever and fluorescence excitation light can cause 

disturbances in data acquisition, both in FL and force-curve acquisition. This was also the case in 

the present study which had to deal with both cantilever oscillation and cantilever luminescence. 

Referring to the latter one, especially the excitation light of paxillin (475 nm) provoked a 

pronounced cantilever autoluminescence overlapping the green paxillin signal and, therefore, 

hindering a removal by spectral filtering (Figure 22b and d). This is consistent with the study of 

Kassies et al. (2005) who determined high photoluminescence for cantilevers made of Si3N4.164 

The illumination with 555 nm, however, did not trigger any cantilever luminescence, enabling a 

detailed visualization of intracellular F-actin filaments (Figure 22c). This, in turn, contrasts with 
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the research of Lulevich et al. (2005).305 They used a commercial Si3N4 AFM probe as a light source 

by illuminating it with either 488 nm or 532 nm wavelength, both causing photoluminescence. 

They further suggested that dangling bonds or photoluminescent Si nanocrystals within the Si3N4 

could be the reason for the arising photoluminescence of Si3N4 cantilevers.305 However, this is 

countered by Kistner etal. (2011), who identified the Si3N4 itself as responsible for the 

photoluminescence.306 

 

Figure 22: Integration of fluorescence illumination into the correlated data acquisition using FL-FluidFM®. 
(a) A REF52 cell stably expressing paxillin-YFP and transiently transfected with LifeAct-mCherry (F-actin) is 
visualized with brightfield illumination. The position of the cantilever is marked with a red square. The blue 
arrows point to the edge of the target cell. (b) The fluorescence image reveals green, fluorescent paxillin 
signal but also strong cantilever luminescence. (c) The fluorescence image of the cell shows no detectable 
cantilever autoluminescence but clearly visible F-actin filaments, illustrated with orange signal. (d) The dual-
fluorescence image of the REF52 cell demonstrates the overlay signal of paxillin-YFP and LifeAct-mCherry. 
The green autoluminescence of the cantilever is clearly visible in this case. (e) The force-curve that was 
recorded simultaneously to the F-actin visualization is separated into the typical sections of approach, 
immobilization, and retraction and shows no obvious disturbance due to spurious cantilever bending. (f) The 
force-curve acquired under dual-fluorescence illumination exposes a strong sinusoidal signal overlaying the 
whole detachment process. Scale bar: 50 µm. Reproduced and adapted from reference261, distributed as 
open-access article under the license of a Creative Commons Attribution (CC BY-NC 4.0). 
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To further investigate these effects, supplementary experiments were performed testing 385 nm 

and 630 nm as additional excitation wavelengths in the FL-FluidFM® setup. Figure 23 views the 

effect of cantilever luminescence depending on the wavelength. While Figure 23a shows the 

cantilever under brightfield illumination, Figure 23b and c reveal the corresponding cantilever 

luminescence with an excitation light intensity of 50% and 100%, respectively. Analogous to the 

irradiation with 555 nm, a wavelength of 630 nm did not expose any photoluminescence for both 

intensities. The use of an excitation light in the range of UV light, however, revealed an even 

stronger effect compared to 475 nm wavelength, further increasing with 100% intensity. This 

behavior could induce the assumption that the effect of cantilever luminescence increases with 

decreasing wavelength. However, this contrasts with the already mentioned study of Kassies et al. 

(2005) who demonstrated their photoluminescence via an irradiation wavelength of 800 nm.164 

Summarized, this phenomenon is not yet fully understood and still needs some further research, 

which is beyond the scope of this thesis.  

 

Figure 23: Cantilever luminescence depending on the wavelength of excitation light. (a) Brightfield image 
of a cantilever. (b) and (c) both show fluorescence images recorded with illumination light of 385 nm, 
475 nm, 555 nm, and 630 nm wavelength with light intensities of 50% (b) or 100% (c) and an exposure time 
of 500 ms. In both cases the cantilever reveals clear photoluminescence for wavelengths of 385 nm and 
475 nm, further increasing with higher light intensity. In contrast, no autoluminescence is visible, when 
using an excitation light of 555 nm or 630 nm wavelength. Scale bar: 50 µm. Reproduced from reference261, 
distributed as open-access article under the license of a Creative Commons Attribution (CC BY-NC 4.0). 

In the context of cantilever oscillation, the use of green excitation light (555 nm) represented also 

in this case the most suitable option. As illustrated in Figure 22e, the simultaneous fluorescence 

visualization and force quantification revealed no interference signal indicating a spurious 

cantilever bending. Moreover, analogous to the curves recorded with brightfield illumination 

(Figure 20a, Chapter 3.4.1), this graph exhibits the already described typical force progression of 

a cellular de-adhesion with a MDF in the same order of magnitude as described in Chapter 3.4.1 

((-450 ± 136) nN). However, the dual-excitation light irradiation of a cell detachment experiment 

resulted in a sinusoidal signal overlapping the entire force-curve and, thus, making the analysis of 

cellular unbinding events impossible (Figure 22f). This is not surprising when referring to Friedrichs 
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et al. who already claimed in 2013 that the simultaneous collection of force-data and fluorescence 

images is impossible in most cases due to fluorescence light induced cantilever bending.38 

Furthermore, Cazaux et al. (2015) revealed a correlation between the material cantilever 

composition and the wavelength and intensity of the used excitation light, resulting in an 

AFM/fluorescence signal coupling.37 They determined a stronger reaction for gold-coated than for 

uncoated cantilevers, with a wavelength of 470 nm in particular causing a striking cantilever 

deflection. In relation to the results of the present study, this could be an explanation for the 

pronounced cantilever oscillation that occurred under the dual-channel illumination (Figure 22f), 

where 475 nm and 555 nm were switched on and off alternately. However, in addition to the 

correlated FL-FluidFM® data recorded with 555 nm wavelength solely (Figure 22e), also the 

supplementary single-channel illumination using 475 nm revealed not even a hint of interference 

(Figure 24). Moreover, the force-curve shows the characteristic sections of cellular detachment 

with a MDF of (-305 ± 60) nN, which is in the same order of magnitude as the ones mentioned 

before (Chapter 3.4.1). Therefore, it can be suggested that the triggering factor causing cantilever 

oscillation is more the switching of the two channels than the beams themselves. Nevertheless, 

to precisely determine the cause of the sinusoidal signal, a systematic investigation of 

experimental parameters like excitation wavelength, exposure time, or intensity are necessary but 

beyond the scope of this thesis.  

 

Figure 24: Force-curve of a REF52 cell using FL-FluidFM® with an excitation light of 475 nm wavelength. 
The force-curve consists of all typical force-patterns, including approach, cellular immobilization, and 
retraction with characteristic force-jumps, indicating the cellular unbinding. Throughout the entire 
measurement, there is no spurious signal visible which could be referred to an excitation light-induced 
cantilever oscillation or bending. Reproduced and adapted from reference261, distributed as open-access 
article under the license of a Creative Commons Attribution (CC BY-NC 4.0). 
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Consequently, all correlated FL-FluidFM® experiments were performed using only the orange 

fluorescence signal ensuring a high-quality visualization and quantification of cell detachment 

processes at the same time. In this way, finally, the simultaneous fluorescence illumination was 

successfully integrated into the whole cellular detachment process without negatively affecting 

the data quality of force-curves.  

3.6 Correlated analysis of FluidFM® data 

To achieve a correlated and reliable data analysis, the highly synchronous performance of FL and 

FluidFM® represented an important role. Due to the complexity of time-dependent 

correspondence between two separated methods, many multifunctional devices, so far, perform 

their measurements in a sequential manner and superimpose their data afterwards.35,165 While 

this has the advantage that a synchronized performance is not necessary, it also has the 

disadvantage that possible biological processes or cellular changes, occurring in the meantime, 

cannot be captured. By contrast, in the present study, a real concurrent performance of two 

technologies was achieved by manually starting both measurements at the same time and, 

therefore, providing complementary information about cell adhesion forces and their 

biomechanics at once. Similar to Selhuber-Unkel et al. (2010)85, who combined AFM with FL to 

investigate the intermolecular spacing of integrin during cell detachment, this study allowed the 

analysis of the de-adhesion process by optically tracking the unbinding of F-actin filaments, which 

represent a direct link to focal contacts (Chapter 2.4.2).209,307 The correlated analysis of this data 

was focused on the achievement of a precise matching between force-steps and visible unbinding 

events within a cell.  

Figure 25a shows an exemplary force-curve of a detached REF52 cell. Here, each visible force-

jump was marked by a linear fit, shown by purple lines. To consider a possible delay between the 

two independent software, the last detachment step was determined as a reference point. This 

step could be clearly identified in both force-curve and corresponding time-series, guaranteeing a 

consistent starting point for data correlation. Even though this evaluation method is a 

proof-of-principle study, a precise step-matching was feasible by comparing the time points of 

force-jumps with the moment of visible cellular unbinding. The number of force-steps, which 

could be attributed to certain unbinding events within an optically tracked cell, is displayed in 

Figure 25b. Here, all identified steps are highlighted with purple lines. The corresponding 

fluorescence image of the cell showing each identified spot of intracellular unbinding (arrow 1-20) 

is illustrated in Figure 25c. To further demonstrate the observed detachment process, a 

step-by-step image composition is shown in Figure 25d, highlighting the individual unbinding 
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spots of actin filaments with arrows. This time-resolved process shows the movement of the 

cytoskeleton during the detachment process that initially starts in the middle of the cell body 

(step 1-10). Then, the cytoskeletal unbinding spreads from the inside to the outside, until there is 

only a contact between cellular edge and surface (step 11-20). After complete separation of the 

cell, there is no further detectable fluorescence signal in the focus level.  

 

Figure 25: Correlated data analysis of an exemplary detachment experiment in which the unbinding 
process of a REF52 cell was performed using correlated FL-FluidFM® technology. (a) The exemplary force-
curve shows linear fits of single force-jumps, which were marked with purple lines. The last force step serves 
as a fixed reference point (purple dashed line). (b) The purple lines sign each force-jump that could be 
attributed to a certain unbinding event visible in the corresponding fluorescence time-series (c and d) of the 
detachment process. (c) The corresponding spots of cellular unbinding are marked with purple arrows and 
the matching number. (d) A step-by-step image composition of the time-series recorded during the 
detachment process showing the position of the 20 identified unbinding events in (c). Scale bar: 20 µm. 
Reproduced from reference261, distributed as open-access article under the license of a Creative Commons 
Attribution (CC BY-NC 4.0). 

Comparing this described procedure of cellular de-adhesion with the fitted force-steps shown in 

Figure 25a, a correlation of the area of filamentous unbinding and force-jumps could be assumed. 

After starting the detachment process, the force rapidly increased until the MDF was reached 

within a few seconds. This could be referred to as a cellular stretching of the area around the 

nucleus, where the cell is immobilized and sucked onto the cantilever aperture. This is consistent 

with the study of Cohen et al. (2017)42 which stated that the MDF generally appears at a short 

separation distance between cell and a substrate. Analogous to the investigation of Friedrichs 

et al. (2013)38, this study demonstrated a time-dependent shrinkage of the cellular contact area 
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until only the cell edge is in contact with the surface (Figure 25d). Moreover, the exemplary force-

curve, illustrated in Figure 25a, revealed a high number of discrete force-steps. A distinction can 

be made between two different types of steps: (a) the so-called jumps/rupture events (‘j’ events) 

and (b) the tether events (‘t’ events). Whereas ‘j’ events are characterized by a preceding ramp-

like increase in force, force-plateaus prior a step are visible, when pulling a tether.73,74 The latter 

predominantly appears in the final phase of a detachment process, when membrane-nanotubes 

(tether) are extracted out of the cellular cortex.74 On the other hand, ‘j’ events mostly occur after 

exceeding the MDF. They represent the intracellular rupture of adhesive bonds that remain 

anchored to the cytoskeleton.38,74 These two concepts of cellular unbinding could also be observed 

in the present study, showing ‘j’ events in the middle as well as force-plateaus at the end of a 

force-curve. Furthermore, this observation was also supported by an asymptotical change of slope 

distribution of linearly fitted detachment steps, as exemplary illustrated for analyzed force-curves 

in Figure 26.  

 

Figure 26: Dependence between slope distribution and detachment steps during a cellular de-adhesion 
using FL-FluidFM® technology. (a) and (b) illustrate the slope-detachment step dependence of three 
exemplary REF52 cells each showing 10, 11, and 13 (a) as well as 20, 24, and 25 detachment steps (b), 
respectively. Each slope distribution represents the totality of slopes of linearly fitted detachment steps 
within a force-curve. The respective course of the slope distributions was asymptotically approximated. 
Regardless the number of detachment steps, (a) and (b) show high negative slopes at the beginning of a 
detachment process, followed by a decline that settles around zero at the end. Reproduced and adapted 
from reference261, distributed as open-access article under the license of a Creative Commons Attribution 
(CC BY-NC 4.0). 

Regardless the number of detachment steps within a cellular de-adhesion, the highest degree of 

slope was visible at the beginning of a detachment process, indicating the appearance of rupture 

events. This was followed by a decline that settled around zero at the end, representing the force-

plateaus of ‘t’ events. Besides this force-curve analysis, the presented study also confirmed the 

linkage between the type of force-step and the region of cellular unbinding by visualizing the 

transition from a full body contact zone to a contact zone where the cell membrane is connected 
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to the surface exclusively (Figure 25d). Moreover, the specific optical tracking of fluorescently 

labeled F-actin filaments enabled the correlation of a high number of discrete force-steps with the 

corresponding spots of cellular unbinding, for the first time. 

3.7 Cell-cell adhesion 

3.7.1 Cell-cell versus cell-matrix adhesion 

Due to its contribution in a variety of physiological processes such as embryogenesis and 

malignancy, intercellular cohesion represents an emerging field of research.4,40,219 So far, there are 

several studies focusing on the quantitative analysis of adhesion forces or the visualization of cell-

cell contacts and their proteins.4,29,73,308,309 For instance, the process of endothelial-to-

mesenchymal transition, which is engaged in cardiovascular development and disease, was 

characterized by a decrease of mature intercellular adhesion forces accompanied by a cellular 

flattening and stiffening.40 Furthermore, Bertocchi et al. (2017) brought light to the 

macromolecular complexity of cell adhesion by presenting a multi-compartment nanoscale 

architecture of cadherin-based cell-cell contacts.29  

To achieve a deeper understanding of specific cell-cell junctions and their molecular mechanism 

under stress, the correlated FL-FluidFM® technology offers an advanced approach. By using its 

optimized optical features, distinctions between endothelial cell-cell adhesion and cell-substrate 

adhesion mediated by REF52 cells could be analyzed. For this purpose, immortalized human 

umbilical vein endothelial cells (HUVECs) were cultured to form intercellular contacts and 

subsequently investigated via SCFS. Figure 27a shows an exemplary cell under brightfield 

illumination contacting two neighboring cells which is marked with two purple lines. The 

corresponding force-curve is illustrated in Figure 27b. Analogously to the exemplary force-curve 

recorded with a REF52 cell (Chapter 3.6, Figure 25a), this retraction-curve shows the typical way 

of cellular detachment. After surpassing the MDF, the force decreases and reveals a high number 

of detachment steps until full cellular separation. In total, 60 force jumps could be linearly fitted 

(Figure 27b, purple lines) and 31 of these successfully associated with visible unbinding events 

(Figure 27c, vertical purple lines). Nevertheless, the time-dependent data correlation of HUVECs 

was more challenging than the one of REF52 cells. This was mainly due to a very smooth force 

progression and closely spaced step transitions which is also indicated by the slope distribution 

shown in Figure 27d. Analogously to REF52 cells, the asymptotic fit reveals the typical shift from 

high to low slopes. However, while ‘t’ events with a force plateau around zero are evidently visible 

within the last 20 steps, ‘j’ events with a preceded linear increase in force are less obvious. With 

exception of the first detachment step, most of the following 40 slopes are settled in a small range 
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between -20 and +20 nN µm-1 which results in a prompt and significant decline of the asymptotic 

fit. Compared to the high slopes of -80 to -20 nN µm-1, which evidently imply the occurrence of 

‘j’ events after surpassing the MDF of REF52 cells (Chapter 3.6, Figure 26), this slope distribution 

proposes less pronounced ‘j’ events. Moreover, it indicates that HUVECs provide only weak 

adhesive bonds that are connected to the cellular cortex. This could be attributed to the bonding 

behavior of slip-bonds, which are characterized by a rapid bond yielding under high force load.78,244  

 

Figure 27: Exemplary FL-FluidFM®-based SCFS of a human umbilical vein endothelial cell (HUVEC) in cell-
cell contact. (a) An exemplary HUVEC is visualized with brightfield illumination. The two purple lines indicate 
the interfaces with neighboring cells. (b) The corresponding force-curve shows the typical way of cellular 
detachment, including MDF and several detachment steps which are linearly fitted by purple lines. The 
vertical purple lines in (c) mark 31 identified force jumps which could be matched with a visualized 
unbinding step. (d) The dependence of slope and detachment steps is composed of 60 black squares, each 
representing the slope of one linear fit of a detachment step, and an asymptotical fit, showing the 
characteristic shift from high to low slopes. Scale bar: 20 µm. 

However, this contrasts with the fact that endothelial cells are intended for the inner lining of 

blood vessels and, therefore, develop strong cohesive cellular sheets.310-312 HUVECs, in particular, 

have been identified to form intercellular AJs that ensure a strong mechanical coupling between 

adjacent cells.313 Here, the cadherin-catenin-actin complex usually forms a catch-bond under force 

load and ensures the maintenance of tissues.246,314,315 In addition, Panorchan et al. (2006) 

demonstrated that the bonding of classical type II vein endothelial (VE)-cadherins in HUVECs is 
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less sensitive to rupture and entails a higher tensile strength than bonds, which are based on 

classical type I cadherins such as E-, or N-cadherins.316 Consequently, the retraction-curve of a 

HUVEC cell was expected to show more pronounced force jumps, especially at the interface 

between adjacent cells. 

However, this unexpected detachment behavior is not an isolated case of the exemplary cell, but 

rather a collective phenomenon of all studied HUVECs. As illustrated in Figure 28, the totality of 

HUVECs shows a separation process that is characterized by a stretchy and almost ‘silky’ unbinding 

with smooth force transitions. This is further accompanied by a long mean separation time of 

about 38 s, which is evidently longer than the 28 s of REF52 cells (Chapter 3.4.1, Figure 20b (II)). 

The respective mean MDFs are with (-418 ± 149) nN for HUVECs and (-467 ± 106) nN) for REF52 

cells in the same order of magnitude. This is surprising, since according to Sancho et al. (2017), 

cohesion forces are composed of two forces, one from the cell-matrix interaction and one from 

the cell-cell contacts, usually resulting in an overall higher force compared to single cells.40 

Consequently, HUVECs with cell-cell contacts were expected to reveal a significantly higher MDF 

than individual REF52 cells, only expressing cell-substrate adhesion. Lastly, these findings indicate 

that the cell adhesion of the investigated HUVECs, including the formation of cell-cell contacts and 

FAs, was not working properly. This is further investigated in the Chapters 3.7.2 and 3.7.3. 

 

Figure 28: Totality of detached HUVECs. The force-curves of n = 14 HUVECs show the typical way of cellular 
detachment including, approach, immobilization pause, and retraction. The latter one is characterized by 
an overall very smooth force progression with closely spaced step transitions, a high number of detachment 
steps, and a long duration time until complete separation. However, the exact number of unbinding events, 
MDF, and detachment time differs between the individual cells.  
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3.7.2 HUVECs – single cells versus cell-cell contacts 

To further investigate the detachment behavior of HUVECs, the adhesion forces of both single 

HUVECs and ones with cell-cell contacts were compared. Moreover, by applying two different 

retraction speeds, 2 µm s-1 (v2) and 5 µm s-1 (v5), the cellular unbinding at different force loads 

could be analyzed. As illustrated in Figure 29a, regardless of the retraction speed or type of cellular 

contact, all exemplary force-curves show the characteristic force progression of cellular 

separation. At the beginning, the force rapidly increases until the MDF is reached. This is followed 

by a force decrease, which contains several detachment steps linearly fitted with purple lines. 

However, the period of complete separation differed. While a retraction velocity of 2 µm s-1 

needed 30 s to almost 50 s, the higher velocity of 5 µm s-1 reduced the time of cellular detachment 

to 15 s to 20 s. This phenomenon can be referred to the rising force load, which generally increases 

with higher retraction speed.317 This force load, in turn, is responsible for the binding and 

dissociation rate of adhesive bonds.74,78 More precisely, a force stressing an adhesive bond inclines 

with rising distance until the bond breaks.78,317 This would be usually balanced by the intracellular 

recruitment of new bonds or by the redistribution of the applied force load to other bonds. 

However, if the externally applied force exceeds these intrinsic mechanisms, the cell will be 

detached at a higher rate.74,315,317  

A speed-dependent difference was also observed in the slope distributions shown in Figure 29b. 

Although all asymptotic fits revealed the typical shift from high to low slopes, the lower tempo of 

retraction entailed a slope distribution that was predominantly located between -30 nN µm-1 and 

+20 nN µm-1, excluding the first detachment step. Analogously to the force-curve presented in 

Chapter 3.7.1, this indicates a smooth force progression and, thus, a ‘slipping’ de-adhesion 

process. A velocity of 5 µm s-1, by contrast, showed slopes that even exceeded -100 nN µm-1 which 

clearly implies the presence of pronounced ‘j’ events and, thus, a stronger adhesive bonding with 

the cortical cytoskeleton.38,78,317 In addition, since the magnitude of ‘j’ events reflects the 

stochastic bond survival, this higher resistance towards increasing mechanical stress could be 

attributed to the formation of molecular catch-bonds.38,74,243,245,318 However, this contrasts with 

the overall reduced lifetime of the cell adhesion which rather implies a bonding mechanism of 

slip-bonds.74,245 Moreover, by comparing the respective totality of detached cells (Figure 29c), it is 

obvious that regardless of the retraction speed and after passing the MDF, their force progressions 

are predominantly characterized by smooth step transitions indicating a fast bond yielding. 

Nevertheless, considering that also catch-bonds could be overpowered by sufficient high force 

load, a retraction speed of 5 µm s-1 might exceed the critical force and consequently cause a rapid 

cellular detachment.314,318 Hence, for a more detailed analysis of the molecular bonding behavior 
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of HUVECs, a systematic investigation under successive increasing tensile stress would be 

advisable. 

 

Figure 29: Comparison of speed-dependent adhesion forces measured with single HUVECs or under cell-
cell contact. The purple and blue colored titles mark the experiments conducted with single or contacting 
cells, respectively. The lighter shade indicates in both cases a retraction speed of 2 µm s-1 (v2), while the 
darker one marks a velocity of 5 µm s-1 (v5). (a) Each experimental condition is represented by an exemplary 
force-curve that shows the MDF and several detachment steps which are linearly fitted with purple lines. 
(b) The corresponding slope distributions show the dependence between the slopes of linearly fitted force 
transitions in (a) and the associated detachment step. All progressions are asymptotically fitted and reveal 
a shift from high to low slopes that settle around zero. (c) The force-curves of the totality of cells for each 
experimental condition show a force progression that is dominated by smooth step transitions, especially 
after passing the MDF. The ‘single cell v2’ condition is based on n = 13 cells, while the higher speed is 
represented by n = 15 cells (‘single cell v5’). In case of cell-cell contacts, the totality of cells is based on n = 14 
and n = 10 cells, for a velocity of 2 µm s-1 and 5 µm s-1, respectively. 

Apart from the speed-dependent unbinding mechanisms, there is also a MDF related discrepancy 

between the detachment of single and adjacent HUVECs. As already mentioned in the previous 

Chapter 3.7.1, the adhesion force of cells expressing cell-cell junctions is expected to be higher 

than the one of cells, only expressing cell-substrate adhesion.40 However, this expectation was 

already not fulfilled comparing HUVECs with REF52 cells, and becomes even more unlikely 

comparing single with interconnected HUVECs. As illustrated in Figure 30, the MDF distributions 

are for both bonding types in the same order of magnitude. More precisely, when comparing the 

mean MDFs of cells detached with 2 µm s-1, it is noticeable that they are with (-439 ± 140) nN for 

single cells (light purple box-plot) and (-418 ± 149) nN for intercellular contacts (light blue 

box-plot) almost identical. The average detachment force of adjacent cells is even slightly smaller. 
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This can be also observed in the case of 5 µm s-1 retraction speed. Here, the mean MDF of 

individual HUVECs is with (-400 ± 91) nN (dark purple box-plot) a little bit higher than the one of 

interconnected cells ((-386 ± 171) nN) (dark blue box-plot). This highly contrasts with the study of 

Sancho et al. (2017) that investigated the adhesion forces of human endothelial cells from the 

umbilical artery (HUAECs).40 When comparing individual with intercellularly connected HUAECs, 

they revealed an increase in the mean MDF of nearly 400 nN which clearly fulfills the expectation 

of rising cell-cell adhesion forces.40 Moreover, the mean value of 1170 nN for interconnected 

HUAECs highly exceeds the one of HUVECs measured in this study.40 However, this apparent 

discrepancy can be probably referred to the increased tightness of arterial-based intercellular 

junctions, which have to endure a higher shear stress level during blood flow than the ones of 

veins.319,320 Apart from this controversy, the two types of HUVEC-mediated cell adhesion support 

the hypothesis of slip-bonding behavior once again. As depicted by two black arrows in Figure 30, 

the mean MDFs of cell-substrate and cell-cell adhesion decrease with respect to an increasing 

retraction velocity, which emphasizes the force-load dependent shortage of bond lifetime.74  

 

Figure 30: Overview of MDF distributions measured with single or interconnected HUVECs and two 
different retraction forces, respectively. The two purple box-plots show the MDFs of single HUVECs while 
the blue ones illustrate the MDF distribution of cell-cell adhesion. The lighter color indicates a retraction 
speed of 2 µm s-1 (v2), while the dark ones represent a speed of 5 µm s-1 (v5), respectively. All experimental 
conditions show a MDF distribution in the same range. However, the transition to a higher retraction 
velocity reveals a slight decrease in the respective mean MDFs for both adhesion types. This decline is 
indicated by the two black arrows. 
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3.7.3 Fluorescent visualization of cell-cell junctions 

Apart from the quantitative analysis of adhesion forces, the FL technology has the potential to 

reveal and visualize insights of the molecular composition of a cell and, thus, provide further 

information about the unexpected detachment behavior of the investigated HUVECs.137 

Considering their endothelial characteristics, they were expected to show tight cell-cell junctions, 

especially containing VE-cadherin (cluster of differentiation 144, CD144) as mediator for AJ 

development.321,322 To validate the existence of these proteins, confluent HUVECs were 

fluorescently labeled via immunofluorescence staining and subsequently visualized using 

conventional FL. Two exemplary fluorescence images of HUVECs, recorded after a cultivation time 

of three days (3d), are demonstrated in Figure 31. Here, the counterstained cellular nucleus and 

the CD144 protein are illustrated in blue and green signal, respectively. In addition, the platelet 

endothelial cell adhesion molecule (PECAM-1), also known as cluster of differentiation 31 (CD31), 

was fluorescently labeled as another intercellular contact marker.323,324 As a member of the Ig 

superfamily, CD31 is highly expressed at cell-cell junctions and responsible for both the 

maintenance of endothelial cell junctional integrity and the fast rebuilding of the vascular barrier 

after inflammatory disease.324-326 By comparing both fluorescence images, it is noticeable that the 

overall fluorescence signal is quite low. While the CD31 signal shows a tendency of junctional 

signal in the middle of the image, the CD144 marker is mostly located at the nuclear region. Here, 

only very low fluorescence signal can be observed at the edges of the cells. This highly contrasts 

with the junctional visualization of other studies, which reveal a defined localization of 

VE-cadherin at the cellular periphery.327-329 Consequently, the results of this investigation probably 

indicate that either the formation of VE-cadherin-based intercellular junctions is barely developed 

or the CD144 antibody is not working correctly. To validate the functionality of the fluorescent 

markers, additional experiments were performed using two other endothelial cell types.  

Analogously to the HUVECs, primary human brain microvascular endothelial cells (HBMVECs) were 

immunofluorescently labeled for CD144 and CD31 after three days of cultivation (Figure 31). 

Monolayers of this cell type are generally used for in vitro models of the BBB and, thus, represent 

an excellent example for strong TJ and AJ formation.330-333 Compared to HUVECs, the fluorescence 

signal of HBMVECs is not remarkably different (Figure 31). Also in this case, the green signal of 

VE-cadherin mostly overlaps the blue signal of the cellular nucleus. Nevertheless, a slight signal 

increase is visible at the cellular edges. The staining of CD31, by contrast, shows a low but clear 

visualization of cellular junctions in the center of the exemplary image. To further confirm the 

used staining protocol, additional experiments with HBMVECs were accomplished after a prior 

cultivation time of seven days (7d) (Figure 31). Here, a strong signal increase was detectable for 
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both intercellular junction markers. The development of CD144-mediated cell-cell contacts is 

visible, even though the CD144 still shows a high signal overlap with the cellular nucleus. In case 

of the PECAM-1, the interfacing membranes between adjacent cells show a highly specific signal 

which is consistent with the results of other studies.334,335 

In addition, an immortalized human vascular endothelial cell line (EA.hy926) was stained with 

anti-CD144 and anti-CD31 marker after seven days of cultivation (Figure 31). Similar to the 

fluorescence images recorded with HBMVECs, here, the fluorescence signal of both proteins can 

be evidently recognized, with a slightly higher intensity for PECAM-1. It is further noticeable that 

for EA.hy926 cells, the VE-cadherin signal is mostly located at the cellular periphery and not at the 

cellular nucleus. This generally confirms the functionality of the staining protocol. The remaining 

difference in signal quality between the exemplary cell types can be referred to a needed 

optimization of the specific staining parameters.  

However, besides the optimization of the staining protocol, there are two further aspects which 

have to be considered: first, the different duration of cellular cultivation and second, the 

differences of primary and immortalized cells. Comparing the fluorescence signal derived after 3d 

and 7d, it is obvious that after a longer time of cellular growth, the formation of intercellular 

junctions is increased. This can be referred to the prolonged contact time of interfacing 

membranes, which promotes the maturation and tightening of cell-cell junctions.74,315,336 As 

previously described (Chapter 2.4.3), the junctional assembly is a complex and time consuming 

process of several decisive steps. In short, after cell spreading and lamellipodia-derived first 

contacts, which are based on actin-rich membrane protrusions, the protein recruitment of CAMs 

starts.195,337 Together with the activation of signaling mechanisms, the formation of nascent cell 

contacts is initiated and subsequently transformed into mature cell junctions via bond 

multiplication and actin-derived stabilization.223,337,338 According to the study of Esfahani et al. 

(2021), this junctional maturation needs at least 16 h.259 However, due to their focus on only single 

intercellular junctions within a confined contact zone, a longer duration can be assumed for the 

complete formation of intercellular junctions of a confluent monolayer. This probably provides an 

explanation for the lack of junctional formation in HUVECs and, thus, their unpredicted 

detachment behavior (Chapter 3.7.1 and 3.7.2). Furthermore, considering that cell adhesion 

forces were usually recorded after a cultivation time of only one to two days, this becomes even 

more evident. 

Apart from this, also the discrepancy of immortalized cell lines and primary cells might influence 

the development of proper cell junctions. Cell lines, in general, entail several advantages such as 

an easy handling, a nearly unlimited material supply, and a consistent sample reproducibility 
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which makes them a powerful tool in biological research.339 However, the choice of immortal cell 

lines instead of primary cells, also involves some drawbacks. Even though, cell lines should 

represent the characteristics of primary cells as close as possible, they often reveal deviations.339 

This can be referred to the process of immortalization, which usually includes a genetic 

manipulation and, thus, the alteration of the original phenotype.339-341 These differences were 

already demonstrated in other studies, which compared the use of cell lines and primary cells in 

terms of immune response and gene expression. In both cases, the immortal cells revealed a 

significant lack of primary functional features.342,343 This is consistent with the presented junctional 

formation of this examination which showed the best results for primary HBMVECs (Figure 31). 

However, considering that HUVECs are probably the best-characterized endothelial cells, their 

application as in vitro model for intercellular adhesion is still justified.312 For future validations of 

proper cohesion, the transepithelial/transendothelial electrical resistance (TEER) technology 

represents a suitable add-on. Since the ohmic resistance across a cellular monolayer is directly 

related to the formation of robust cell junctions, the TEER represents a non-invasive 

determination of the junctional integrity of the endothelium and epithelium.344,345  

 

Figure 31: Exemplary immunofluorescence micrographs of HUVECs, HBMVECs, and EA.hy926 cells. Each 
cell type was fluorescently labeled for CD144, CD31, both illustrated in green signal, and the cellular nucleus 
which is shown in blue. The upper row demonstrates the detected fluorescence signal of HUVECs and 
HBMVECs after a prior cultivation time of three days (3d). The bottom row shows fluorescence images of 
HBMVECs and EA.hy926 cells which were recorded after an incubation time of seven days (7d). Scale 
bar: 100 µm. 
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So far, the study of cell adhesion has been mainly based on quantitative techniques such as AFM 

and FluidFM® and the visualizing method of FL.29,68,75,82,209 Both technologies are powerful tools 

and absolutely essential for biological research. However, the information content of one 

technique alone is limited. Thus, the correlative microscopy represents an emerging field of 

current research.145,169,296,346 The development of such methods, however, involves several 

challenges such as the combination of two hardware systems in one setup and the establishment 

of an appropriate workflow. This often entails new and unpredicted issues including interference 

effects or a complex sample preparation.27,34 Consequently, an increasing number of research 

groups already work with a correlative microscope but perform their experiments in a sequential 

manner.35,165,166 While this represents an advancement in the analysis of biological questions, the 

restriction to only one information at a time remains. Hence, a truly correlative hardware 

performance had to be developed. 

The correlation of FluidFM® and FL, which was presented in this thesis, exemplifies a novel and 

powerful tool by addressing two biological questions at once. Its functionality was successfully 

proven via the simultaneous quantification of adhesion forces and the high-resolution 

visualization of cellular insights. More precisely, by optically tracking the cellular detachment 

process, an unambiguous match between single force steps and molecular unbinding events was 

achieved.  

Optimizing the FL-FluidFM® workflow could include an automated starting of both measurements 

and would provide an easier handling. Up to now, force quantification and fluorescence 

visualization are activated manually with two hands and thus are inconvenient. With respect to 

data reproducibility and accuracy, a computer synchronization would minimize the currently 

occurring software delay and simplify the correlated data analysis. The latter one could be further 

optimized by using appropriate algorithms. This is already standard for step detection and 

FD-curve analysis of AFM-based SCFS, making the data analysis more efficient.38,347,348 Regarding 

the FL-FluidFM® hardware, an additional beam splitter providing a ratio of, for instance, 90:10 

would improve the correlated data performance. This would ensure a high detection efficiency of 

fluorescent signal while allowing at the same time a cantilever monitoring without removing this 

component from the beam path. 

One of the hardest challenges during setup establishment was the compatibility of fluorescence 

excitation light and cantilever movement. Due to different interference effects, the correlated 

data acquisition of this study was limited to a wavelength of 555 nm. Therefore, additional 

experiments regarding dye applicability are advisable. Moreover, for the integration of dual-

fluorescence visualization, the occurrence of the sinusoidal signal, overlapping the entire force-
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curve, has to be further analyzed and reduced. A successful optical tracking of multiple labeled 

cells would take the correlative performance of FL-FluidFM® to next level. 

Apart from the more hardware related optimization, there are further biological questions that 

can be addressed more in detail now. This refers on the one hand to a more advanced data 

analysis, but also to the investigation of cell-induced differences in cell adhesion. The latter one 

especially refers to the differences between cell-substrate and cell-cell adhesion. Here, additional 

experiments need to be done to clearly evaluate the characteristics of cohesion. Primary HUVECs 

or other primary cells such as the HBMVECs could be used and incubated for at least 7 days before 

the examination of cell adhesion forces. Afterwards, the correlative investigation with 

simultaneous fluorescence visualization can be applied. Therefore, live-cell staining has to be 

established which is often achieved via transient transfection.125,126 However, nowadays there are 

innovative labeling techniques like the SNAP-/CLIP-tag technology, which covalently couples 

chemically synthesized fluorophores to proteins in living cells.349,350 Compared to classical FPs, 

these self-labeling protein tags convince with a higher reaction rate and improved 

photostabiliy.351,352 In the context of data analysis, the force-curve provides a variety of 

information about the characteristics of cell adhesion.68,74 Besides the quantification of MDFs and 

force steps, the height and time-dependent length of a step might be especially useful for the 

interpretation of catch- and slip-bonds.74 To further study the occurrence of these adhesive bonds, 

a systematic investigation of the force load-lifetime dependence should be done.78,257 This can be 

performed via a successive increase of the retraction speed, which influences the bond survival 

and thus provides information about the unbinding behavior of cellular bonds.74,78  

Regarding the emerging field of biofabrication, it may be interesting in the future to integrate 

artificial biomaterials or 3D scaffolds into the system. Depending on their specific application, they 

have to fulfill different adhesive aspects. For instance, the field of tissue regeneration requires an 

adhesive material surface that, in turn, promotes cellular attachment and subsequently 

proliferation and biosynthesis.10,287 Also, the investigation of spheroids may represent an 

interesting topic in the future. Due to their increased intercellular interaction, they imitate the in 

vivo architecture of natural tissues and organs much more realistic than 2D cell cultures.353,354 For 

a more comprehensive view of this 3D structure, the integration of the vertical light sheet imaging 

technique might be useful. Here, the implementation of an additional mirror system enables 

side-view imaging which offers a complete new perspective on a cell.298 Especially for the study of 

cell mechanics, where a force is applied in the vertical direction, this technique represents a 

promising tool.  
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5.1 Summary 

The aim of this thesis was the development of a correlated and multifunctional device which 

combines Fluidic Force Microscopy (FluidFM®) with Fluorescence Microscopy (FL) (FL-FluidFM®) 

and, thus, enables the truly simultaneous quantification of adhesion forces and fluorescent 

visualization of detached mature cells. Before hardware conversion, the focus was on the 

evaluation of standard applications of a conventional FluidFM® (Chapter 3.1). Here, colloidal 

indentation, cellular compression as well as conventional cellular detachment was performed. 

Subsequently, the system was modified for its correlative use including both hardware and 

software related adjustments (Chapter 3.2). For a simultaneous visualization, it was crucial to 

implement a high-resolution as well as a stable but dynamic focus level. This was achieved by the 

integration of a high-resolution oil immersion objective and a Piezo Flexure Objective Positioner 

(PIFOC). In addition, the correlative operation was separated into two independent computers 

preventing a mutual software blocking. The functionality of the hardware adaptation was 

evaluated by comparing the optical tracking of a cellular detachment with the conventional and 

optimized optical features (Chapter 3.3). A major improvement in visualization quality was 

identified. In the correlative system, the focus stayed on the cell throughout the entire 

measurement, while the conventional FluidFM® was accompanied by focus loss and a blurry 

visualization. 

The performance of Single-Cell Force Spectroscopy (SCFS) after hardware modification was 

verified in Chapter 3.4. Two force-curves were compared, measured with the optimized and 

conventional hardware, respectively. Both were composed of the typical force progression 

including approach, immobilization, and retraction. Especially the third section revealed a high 

number of multiple detachment steps in each case. However, the maximum detachment forces 

(MDFs) revealed with (-253 ± 75) nN (FluidFM®) and (-334 ± 91) nN (FL-FluidFM®) a noteworthy 

difference which was also evident in the totality of investigated cells. This phenomenon could be 

clearly attributed to the spring constant of the used cantilevers which showed a significant 

discrepancy with 1.25 N m-1 and 2.55 N m-1 after calibration. Consequently, the hardware-related 

modification of the correlated system could be excluded as a source of error and, thus, its 

functionality successfully verified. 

The next step in establishing a correlative device was the integration of fluorescence illumination 

(Chapter 3.5). Proof-of-principle experiments were performed by detaching single rat embryonic 

fibroblasts (REF52 cells) fluorescently labeled for paxillin and F-actin filaments. The visualization 

of paxillin and the dual-fluorescence illumination of both markers revealed pronounced cantilever 

autoluminescence. In addition, the latter showed a force overlapping sinusoidal signal which made 
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the analysis of cellular unbinding events impossible. However, fluorescence illumination of the 

cytoskeleton alone showed the same characteristic force profile as with brightfield illumination 

and no evidence of interference effects. Thus, together with the high focus stability and high 

resolution, a real-time optical tracking of a cellular detachment under fluorescence illumination 

was feasible for the first time.  

After this successful performance of truly correlative FL-FluidFM®, a corresponding correlative 

data analysis was addressed in the following Chapter 3.6. Here, a three-step workflow was 

presented including manual force step fitting, the identification of visualized cellular unbinding, 

and a time-dependent correlation. This procedure revealed a link between the area of cytoskeletal 

unbinding and force-jumps. Moreover, the regional progression of cellular separation could be 

attributed to the distinct force steps of ‘j’ and ‘t’ events which are related to intracellular rupture 

and the formation of membrane nanotubes (tether), respectively. This could be further confirmed 

by an investigation of the slope distribution of force steps which revealed a transition from high 

(‘j’ events) to low slopes around zero (‘t’ events). 

With the completed establishment of the correlated device and a suitable data analysis, the 

adhesion of intercellular connected human umbilical vein endothelial cells (HUVECs) was 

investigated in Chapter 3.7. Their detachment characteristics were compared with the ones of 

individual REF52 cells, first. Due to their endothelial character and, thus, the formation of strong 

adherens junctions, HUVECs were expected to show more pronounced ‘j’ events. Moreover, since 

cohesion is composed of both cell-substrate and cell-cell adhesion, the MDFs of interconnected 

cells are usually significantly higher. However, in vitro, HUVECs showed an overall unbinding 

behavior that was dominated by ‘slipping’ step transitions and MDFs in the same order of 

magnitude as the ones of single REF52 cells. This detachment behavior was also recognized when 

quantifying unbinding forces of single and interconnected HUVECs. The use of two different 

retraction speeds showed differences in the unbinding mechanism, but a clear assignment to 

slip- or catch-bond-mediated unbinding was not possible. In addition, the speed-dependent MDFs 

of single and interconnected HUVECs were in the same order of magnitude, with cell-cell contacts 

being slightly lower. This contrasted with the expected strong cohesiveness of endothelial cells 

and further indicated a lack of cell-cell contact formation. With this knowledge as background, the 

formation of intercellular junctions was further investigated and compared between HUVECs, 

primary human brain microvascular endothelial cells (HBMVECs), and immortalized human 

vascular endothelial cells (EA.hy926) by fluorescent visualization of two marker proteins of 

intercellular junctions, vein endothelial (VE)-cadherin and platelet endothelial cell adhesion 

molecule (PECAM-1). This unveiled that both the previous cultivation duration and the cell type 
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have a major impact on the development of intercellular junctions. The highest and most specific 

emission signal was detected when using primary HBMVECs and a previous cultivation time of 7 d. 

HUVECs, which were cultured for a maximum of 3 d prior to their experimental investigation, 

showed only a low fluorescence signal for both markers. This most likely explains their unexpected 

unbinding behavior during cellular detachment.  

In summary, the correlative FL-FluidFM® technology represents a powerful novel approach, which 

enables the truly contemporaneous performance of force-curve quantification and detachment 

step visualization and, thus, has the potential to reveal new insights into the mechanobiological 

properties of cell adhesion. 
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5.2 Zusammenfassung 

Ziel dieser Arbeit war die Entwicklung eines korrelativen und multifunktionalen mikroskopischen 

Geräts, das Fluidkraftmikroskopie (FluidFM®) mit Fluoreszenzmikroskopie (FL) verbindet 

(FL-FluidFM®) und dadurch die gleichzeitige Quantifizierung von Zelladhäsionskräften und die 

fluoreszente Visualisierung des Ablösevorgangs ermöglicht. Vor dem Umbau der Hardware lag der 

Fokus zunächst auf der Evaluierung von Standardanwendungen eines konventionellen FluidFM®‘s 

(Kapitel 3.1). Hierfür wurden die Methoden des kolloidalen Eindrückens, der zellulären 

Kompression sowie der konventionellen Zellablösung durchgeführt. Anschließend wurde das 

System für seine korrelative Anwendung modifiziert, wobei sowohl hard- als auch softwareseitige 

Anpassungen vorgenommen wurden (Kapitel 3.2). Für eine simultane Visualisierung des 

Ablösevorgangs war es entscheidend, eine hohe Auflösung sowie eine stabile, aber dynamisch 

flexible Fokusebene zu generieren. Dies wurde durch die Implementierung eines hoch-

auflösenden Immersionsobjektivs und eines piezogesteuerten Objektiv-Positionierers (PIFOC) 

realisiert. Zusätzlich wurde die korrelative Steuerung des Systems auf zwei unabhängige Computer 

aufgeteilt, wodurch eine gegenseitige Software-Blockade der beiden mikroskopischen Einheiten 

verhindert werden konnte. Die Funktionalität der Hardware-Adaption wurde über die optische 

Verfolgung einer Zellablösung evaluiert. Ein Vergleich der konventionellen mit der optimierten 

optischen Hardware-Ausstattung zeigte eine wesentliche Verbesserung der mikroskopischen 

Visualisierungsqualität (Kapitel 3.3). Im korrelativen System blieb der Fokus während der 

gesamten Messung auf der Zelle, während das konventionelle FluidFM® mit einem Fokusverlust 

und einer unscharfen Visualisierung einherging. 

Nach Anpassung der Hardware wurde die Durchführbarkeit von Einzel-Zell Kraftspektroskopie 

(SCFS) in Kapitel 3.4 verifiziert. Hierbei wurden zwei Kraftkurven miteinander vergleichen, die 

jeweils mit der optimierten und der konventionellen Hardware gemessen wurden. Beide zeigten 

den typischen Kraftverlauf, der sich aus den Abschnitten der Annäherung, Immobilisierung und 

dem anschließenden Rückzug zusammensetzte. Insbesondere der dritte Bereich beinhaltete in 

beiden Fällen eine hohe Anzahl an multiplen Ablöseschritten. Die maximalen Ablösekräfte (MDFs) 

unterschieden sich allerdings mit (-253 ± 75) nN (FluidFM®) und (-334 ± 91) nN (FL-FluidFM®) 

deutlich, was sich auch in der Gesamtheit der Zellen widerspiegelte. Dieses Phänomen konnte auf 

die Federkonstante der verwendeten Kantilever zurückgeführt werden, die nach der Kalibrierung 

mit 1.25 N m-1 und 2.55 N m-1 eine auffällige Diskrepanz aufwiesen. Die Hardware-bedingte 

Modifikation des korrelativen Systems konnte folglich als Fehlerquelle ausgeschlossen und dessen 

Funktionalität erfolgreich nachgewiesen werden. 
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Der nächste Schritt in der Etablierung eines korrelativen Mikroskops war die Integration von 

Fluoreszenzlicht (Kapitel 3.5). In Experimenten zum Nachweis der prinzipiellen Durchführbarkeit 

wurden einzelne embryonale Ratten-Fibroblasten (REF52 Zellen) abgelöst, deren Paxillin und 

F-Aktin Filamente fluoreszent markiert waren. Sowohl die Visualisierung von Paxillin allein als auch 

die duale Fluoreszenzbeleuchtung beider Marker führten zu einer ausgeprägten Kantilever-

Autolumineszenz. Darüber hinaus löste die duale Beleuchtung ein kraftüberlagerndes 

sinusförmiges Signal aus, was eine detaillierte Analyse von zellulären Ablöseschritten unmöglich 

machte. Die alleinige Fluoreszenzbeleuchtung des Zytoskeletts zeigte hingegen das gleiche 

charakteristische Kraftprofil wie unter Hellfeldbeleuchtung und keinen Hinweis auf 

Interferenzeffekte. Einhergehend mit der hohen Fokusstabilität und der hohen Auflösung wurde 

somit erstmals eine Zellablösung in Echtzeit und unter Fluoreszenzbeleuchtung optisch 

nachverfolgt. 

Im Anschluss an die erfolgreiche Durchführung von simultaner FL-FluidFM® Mikroskopie wurde 

die entsprechende korrelative Datenanalyse im folgenden Kapitel 3.6 behandelt. Hier wurde ein 

dreistufiger Arbeitsablauf vorgestellt, der eine manuelle Kraftkurvenanpassung, die 

Identifizierung von visualisierten zellulären Ablöseschritten und eine zeitabhängige Korrelation 

umfasste. Dabei konnte die von innen nach außen verlaufende zytoskeletale Ablösung den 

spezifischen Kraftschritten der sogenannten ‚j‘ und ‚t‘ Ereignisse zugeordnet werden. ‚j‘ Ereignisse 

stehen hierbei für eine intrazelluläre Ruptur, während sich ‚t‘ Ereignisse durch die Bildung von 

Membran-Nanoröhrchen auszeichnen. Dieser Zusammenhang konnte zusätzlich durch eine 

Untersuchung der Steigungsverteilung der Kraftsprünge bestätigt werden, die einen Übergang 

von hohen (‚j‘ Ereignissen) zu niedrigen Steigungen um den Nullpunkt (‚t‘ Ereignisse) ergab. 

Nach der Etablierung des korrelierten Systems und einer geeigneten Datenanalyse wurde in 

Kapitel 3.7 die Adhäsion von interzellulär verbundenen Endothelzellen aus humanen 

Nabelschnurvenen (HUVECs) untersucht. Zunächst wurden deren Ablöseeigenschaften mit jenen 

von einzelnen REF52 Zellen verglichen. Aufgrund ihres endothelialen Charakters und der damit 

verbundenen Bildung von starken adhärenten Knotenpunkten wurde bei den HUVECs eine 

deutliche Ausprägung von ‚j‘ Ereignissen erwartet. Darüber hinaus setzt sich die Kohäsion sowohl 

aus der Zell-Substrat als auch aus der Zell-Zell-Adhäsion zusammen, was für gewöhnlich darin 

resultiert, dass MDFs von miteinander verbundenen Zellen signifikant höher sind. In vitro zeigten 

die HUVECs jedoch insgesamt ein Ablöseverhalten, das von „gleitenden“ Schrittübergängen mit 

geringer Steigung dominiert wurde. Die MDFs von HUVECs und einzelnen REF52 Zellen lagen 

darüber hinaus in der gleichen Größenordnung. Dieses Ablöseverhalten wurde sowohl für 

einzelne als auch für Zellen im Verbund beobachtet. Die Anwendung zweier verschiedener 
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Rückzugsgeschwindigkeiten führte zwar zu Unterschieden im Ablösemechanismus, eine 

eindeutige Zuordnung zu ‚Gleit‘- oder ‚Fangbindung‘ vermittelter Ablösung war allerdings nicht 

möglich. Darüber hinaus lagen die geschwindigkeitsabhängigen MDFs von einzelnen und 

miteinander verbundenen HUVECs in der gleichen Größenordnung, wobei die Zell-Zell Kontakte 

etwas geringer ausfielen. Entgegen der Erwartung von hoher Kohäsion deutete dieses Verhalten 

auf einen Mangel an Zell-Zell Kontaktbildung hin. Vor dem Hintergrund dieser Erkenntnisse wurde 

die Bildung von interzellulären Verbindungen zwischen HUVECs, primären mikrovaskulären 

Endothelzellen aus dem menschlichen Gehirn (HBMVECs) und immortalisierten menschlichen 

vaskulären Endothelzellen (EA.hy926) verglichen. Hierfür wurden jeweils zwei Markerproteine für 

interzelluläre Kontakte, Venenendothel-(VE)-Cadherine und Thrombozyten-Endothelzell-

Adhäsionsmoleküle (PECAM-1), fluoreszent visualisiert. Dabei zeigte sich, dass sowohl die 

vorangegangene Kultivierungsdauer als auch der Zelltyp einen starken Einfluss auf die Ausbildung 

von interzellulären Kontakten haben. Das höchste und spezifischste Emissionssignal wurde bei der 

Verwendung von primären HBMVECs und einer vorangegangenen Inkubationszeit von 7 d 

detektiert. HUVECs, die vor ihrer experimentellen Untersuchung maximal 3 d kultiviert wurden, 

zeigten hingegen nur ein sehr geringes Fluoreszenzsignal für beide Marker. Diese Beobachtung 

stützte folglich die Vermutung einer geringen Ausprägung von interzellulären Kontakten und 

lieferte gleichzeitig eine mögliche Erklärung für das unerwartete Ablöseverhalten der HUVECs. 

Abschließend lässt sich sagen, dass die korrelative FL-FluidFM® Technik einen sehr 

vielversprechenden neuen Ansatz darstellt, der die gleichzeitige Durchführung von Kraftkurven-

Quantifizierung und fluoreszenter Visualisierung von Ablöseschritten ermöglicht und damit 

großes Potential hat zukünftig neue Einblicke in die Mechanobiologie der Zelladhäsion zu 

eröffnen. 
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6.1 Cell culture 

6.1.1 Rat embryonic fibroblasts (REF52 cells) 

Adherent REF52 cells stably expressing paxillin-YFP (kindly provided by the laboratory of 

Alexander Bershadsky at Weizmann Institute of Science, Israel) were cultivated in Dulbecco’s 

Modified Eagle Medium (DMEM-GlutaMAX, Life Technologies, USA) supplemented with 10% fetal 

bovine serum (FBS, Sigma-Aldrich Inc., St. Louis, USA), 1% penicillin/streptomycin (10,000 U mL-1, 

Life Technologies, USA) and 1% (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

buffer (1 M, Sigma-Aldrich, Inc., St. Louis, USA). The cells were sub-cultured twice a week and 

stored at 37 °C with a 5% CO2 supply. 

6.1.2 Human umbilical vein endothelial cells (HUVECs)  

For the cultivation of adherent human umbilical vein endothelial cells (HUVECs) (HUV-EC-C 

[HUVEC], ATCC® CRL-1730TM, Virginia, USA), F-12K medium (Ham’s F-12K (Kaighn’s) Medium, 

Thermo Fisher Scientific Inc., Waltham, USA) was supplemented with 10% fetal calf serum (FCS), 

1% penicillin/streptomycin and heparin (Heparin sodium salt from porcine intestinal mucosa 

Grade I-A, Merck KGaA/Sigma Aldrich, Darmstadt, Germany) with a final concentration of 

0.1 mg mL-1. Before sub-cultivation, endothelial cell growth supplement (ECGS) (CorningTM 

Endothelial Cell Growth Supplement, Thermo Fisher Scientific Inc., Waltham, USA) was added with 

a final concentration of 100 µg mL-1 to complete the growth medium. For this, a stock solution of 

30 mg mL-1 ECGS was prepared and stored at -20 °C. For cell seeding, culture flasks were coated 

with 0.1% gelatin for at least 1 h at room temperature (RT). Also, in this case, sub-cultivation was 

performed twice a week depending on the cell density. The culture medium was replaced every 

two days. 

6.1.3 Primary human brain microvascular endothelial cells (HBMVECs) 

Primary human brain microvascular endothelial cells (HBMVECs) were cultivated in microvascular 

endothelial cell growth medium (enhanced) supplemented with a microvascular endothelial cell 

growth supplement kit (enhanced) (PELOBiotech GmbH, Planegg/Martinsried, Germany) 

consisting of basic fibroblast growth factor (bFGF), epidermal growth factor (EGF), vascular 

endothelial cell growth factor (VEGF), long R3 IGF-1, hydrocortisone, 5% FCS, and L-glutamine. 

Before sub-cultivation, culture flasks were coated for 5 min with ready-to-use speed coating 

solution (PELOBiotech GmbH, Planegg/Martinsried, Germany) at RT. Depending on the cell 
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density, the cells were sub-cultured twice a week with a seeding density of 2 x 104 cells cm-2 and 

stored at 37 °C with 5% CO2 supply. 

6.1.4 Human vascular endothelial cells (EA.hy926) 

For the investigation of fluorescence labeling of the cell-cell contact protein marker CD31 and 

CD144, already seeded and for immunostaining prepared immortalized human vascular 

endothelial cells (EA.hy926) were kindly provided by the laboratory of Philipp Wörsdörfer from 

the Institute of Anatomy and Cell Biology at the University of Würzburg. 

6.2 Fluorescent labeling 

6.2.1 Transient transfection 

REF52-paxillin-YFP cells were additionally transiently transfected with LifeAct-mCherry (kindly 

provided by the laboratory of Alexander Bershadsky at Weizmann Institute of Science, Israel), a 

fusion protein that specifically binds to F-actin filaments. Lipofectamine2000 (Thermo Fisher 

Scientific Inc., Waltham, USA) was used as transfection reagent. The preparation of the lipid-DNA-

complex was performed with Opti-MEM (Thermo Fisher Scientific Inc., Waltham, USA) as reduced 

serum media. One day before transfection, the cells were seeded at a density of 2000 to 

3000 cells cm-² on 40 mm glass-bottom dishes (WillCo Wells B.V., Amsterdam, Netherlands) 

carrying a metal ring of 2.2 cm in diameter and mounted with 1 mL of serum-free culture media. 

On the day of transfection, a lipid-DNA-complex containing 0.5 to 1 µg DNA was added to the cells 

and incubated at 37 °C. After 5 to 6 h, the transfection media was replaced by the corresponding 

culture media and stored in the incubator at 37 °C. The next day, the transfected cells were ready 

to use. Right before the experimental investigation, the cells were carefully rinsed two to three 

times with 1x Dulbecco’s phosphate-buffered saline (PBS) (Sigma-Aldrich Inc., St. Louis, USA) 

followed by a coverage with FluoroBrite solution (Thermo Fisher Scientific Inc., Waltham, USA) 

providing a reduction of background signal and higher signal-to-noise-ratio (SNR). Directly before 

the performance of correlated FL-FluidFM® experiments, the metal ring was removed. Each 

sample was used for a maximum of 1.5 to 2 h. 

6.2.2 Immunofluorescence staining 

For the immunostaining of CD31 and CD144 in HUVECs, HBMVECs, and EA.hy926 cells, 48 well 

plates (Nunclon Delta, Thermo Fisher Scientific Inc., Waltham, USA) were coated with 0.1% gelatin 

and speed coating solution for HUVECs and HBMVECs, respectively. To achieve a formation of 

mature cell-cell contacts, HUVECs and HBMVECs were seeded at a density of 33 000 cells cm-2 and 
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22 000 cells cm-2, respectively, while the EA.hy926 cells were directly ready-to-use as mentioned 

in Chapter 6.1.4. After an incubation time of at least three days, the cells were rinsed with 1x PBS 

and fixed for 10 min with 4.5% formaldehyde (Roti-Histofix, Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany). Then, all wells were washed three times with 1x PBS and permeabilized for 5 min with 

0.2% Triton-X-100 (Carl Roth GmbH & Co. KG, Karlsruhe, Germany). After blocking for 30 min with 

2% bovine serum albumin (BSA) (Sigma-Aldrich Inc., St. Louis, USA), primary antibodies for CD31 

(1:50) (ab28364, abcam, Cambridge, UK) or CD144 (1:100) (V1514, Merck KGaA/Sigma Aldrich, 

Darmstadt, Germany) were added, both diluted in 1% BSA and 0.1% Triton-X 100 and incubated 

at 4 °C over night. The cells were rinsed three times with 1x PBS the next day and mounted with 

the secondary antibody solution for 1 h at RT. Therefore, AlexaFluor488 (Invitrogen by Thermo 

Fisher Scientific Inc., Waltham, USA) was diluted in PBS with a ratio of 1:400. At the end of 

incubation time, two to three drops of Hoechst 33258 (1:1000) (Merck KGaA/Sigma Aldrich, 

Darmstadt, Germany) were added per well and further incubated for about 8 min. Afterwards, all 

wells were rinsed once again with 1x PBS three times and subsequently mounted with FluoroBrite 

solution to achieve a high SNR during FL. 

6.3 Fluorescence microscopy 

6.3.1 Device setup 

The visualization of fluorescently labeled cells either by transient transfection or by 

immunostaining was performed on a stand-alone fluorescence microscope. This system was 

based on an inverted microscope (AxioObserver, Carl ZEISS AG, Oberkochen, Germany) and a 

monochromatic camera (AxioCam 506 mono, Carl ZEISS AG, Oberkochen, Germany). For the 

fluorescent illumination, a light source with four LEDs (Colibri 7, Carl ZEISS AG, Oberkochen, 

Germany) was used providing red, green, blue, and UV light. Image acquisition was performed via 

the corresponding ZEN 2.6 software while image processing and analysis were done using ImageJ. 

6.3.2 Fluorescence imaging 

6.3.2.1 Transient transfection 

For the fluorescent analysis of transient transfected REF52-paxillin-YFP cells, a 40x high-numerical 

objective (Plan-Apochromat 40x/1.4 oil DIC (UV) VIS-IR, Carl ZEISS AG, Oberkochen, Germany) was 

used to ensure a high-resolution imaging. To visualize actin filaments, the cells were illuminated 

with an excitation light of 555 nm at an intensity of 100% and an exposure time of 700 ms. On the 

other hand, paxillin was excited via a LED module providing light of 475 nm wavelength. A low 

intensity of 25% and an exposure time of 500 ms guaranteed almost no photobleaching.  
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6.3.2.2 Immunofluorescence 

The fluorescent signal of immunostained HUVECs, HBMVECs, and EA.hy926 cells was captured 

with a 20x dry objective (LD Plan-Neofluar 20x/0.4 Korr Ph 2, Carl ZEISS AG, Oberkochen, 

Germany). For the visualization of the cellular nucleus, a wavelength of 385 nm was used. 

Depending on the emission signal strength, light intensity and exposure time were adjusted. In 

the case of HUVECs and HBMVECs the intensity was set to 100% together with an exposure time 

of 250 ms. For the investigation of EA.hy926 cells, the light intensity was reduced to 50% and the 

exposure time to 100 ms. The visualization of CD31 and CD144 was performed by using a LED 

module providing light of 475 nm wavelength. Also, in this case, the illumination parameters had 

to be modified in accordance with the emission signal. For all cell types, the intensity was set to 

100% for both markers while the exposure time differed between the cell types. In the case of 

EA.hy926 cells, an exposure time of 700 ms was chosen, whereas HUVECs and HBMVECs were 

illuminated with a duration of 500 ms. 

6.4 FluidFM®-based SCFS 

All measurements of Chapter 3.1 were performed on a conventional FluidFM® system whose 

setup was explained in detailed in Chapter 3.1.1.1. The following sections describe its applicability 

and the corresponding parameters for the examination of colloidal indentation, cellular 

compression, and conventional cell adhesion. 

6.4.1 Cantilever preparations 

FluidFM® technology was performed using Si-based microfluidic probes (FluidFM® micropipette 

cantilever, Cytosurge AG, Glattbrugg, Switzerland) which are equipped with a microchannel and 

an aperture at the free end. On the other side, the micropipette was connected to a pressure 

system (Cytosurge AG, Glattbrugg, Switzerland). Before an experiment, each cantilever was 

prepared by calibrating the spring constant as well as the deflection sensitivity via build-in 

procedures of the Cytosurge and Nanosurf software. For an application in a complete liquid 

surrounding, the fluid reservoir of the FluidFM® cantilever was loaded with HEPES-2 buffer 

(10 mM HEPES supplemented with 150 mM sodium chloride (NaCl) solution, pH = 7.4) and pushed 

into the microchannel by applying a slight overpressure. The alignment of the microfluidic probe 

was performed by using a near-infrared super-luminescence-diode (NIR SLD). The piezo-regulated 

movement of the cantilever was controlled via a closed feedback-loop within the scan head. 
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6.4.2 Colloidal indentation 

To evaluate the elastic properties of polymer fibers, cantilevers of 4 µm aperture and a nominal 

spring constant of 0.3 N m-1 were used. Polyethylene glycol-coated polystyrene beads of 10 µm in 

diameter (Micromer® 01-54-104, Micromod Partikeltechnologie GmbH, Rostock, Germany) were 

immobilized at the cantilever tip via a suction pressure of -700 mbar and utilized as colloidal 

indenter. Before each experiment, the cantilever spring constant as well as its deflection 

sensitivity was calibrated with a software implemented tool, but in this case together with the 

aspirated bead. For the examination of the fiber stiffness, nanoindentation was performed on 

three independent two-layered scaffolds with 25 to 30 FD-curves per sample, addressing each 

time a different spot and omitting the fiber intersections. The cantilever approach was performed 

at 500 nm s-1 until a setpoint of 3 nN was reached. To achieve a high amount of data points, the 

data acquisition frequency of the approach section was set to 6 kHz. The Young’s moduli 𝐸𝛾 were 

evaluated from the approach-curve of the spectroscopy cycle. Therefore, the first steps of data 

processing were performed using Excel. By applying Hook’s Law (Chapter 2.1.2.4.1, Equation (1)), 

the primary data of approach and retraction given as data in the form of cantilever deflection and 

z-stage position versus time, were converted into the form of force versus indentation. This was 

followed by the application of a custom program written in Matlab 2017 (Mathworks, Natick, USA) 

which provided an automated finding of the contact point and a subsequent fitting in accordance 

with the Hertzian model for spherical indenters (Chapter 2.1.2.4.3, Equation (2)). Here, the 

Poisson’s ratio 𝜈 was set to 0.5 while the radius 𝑅 was represented by the radius of the bead 

(5 µm) and the radius of the fibers (12.5 µm). 

6.4.3 Cellular deformation 

For the evaluation of cellular deformation, all measurements were performed with tipless 

cantilevers of 8 µm aperture and a nominal spring constant of 2 N m-1. Immediately before an 

experiment, the cells were detached by using accutase (Sigma-Aldrich Inc., St. Louis, USA) ensuring 

to address only single cells. Subsequently, a suspended cell was directly aspirated at the cantilever 

tip and immobilized by applying a negative pressure of -60 mbar. Afterwards, cellular deformation 

was examined by compressing the cell between the cantilever and the substrate surface. 

Therefore, the cantilever was approached with a speed of 3 µm s-1 until a setpoint of 100 nN was 

reached and subsequently retracted with 5 µm s-1. During this procedure, the suction pressure 

was kept constant. Only after finishing the measurement, a positive pressure of several hundreds 

of mbar was applied releasing the cell from the cantilever aperture. Analogous to the colloidal 

indentation, also in this case, a high data acquisition frequency of 6 kHz was chosen. Moreover, 



Chapter 6 

100 
 

the data processing was based on the same principle, described in the previous Chapter 6.4.2. 

However, here, the contact point was determined manually and defined as the cantilever position 

where the force starts to increase. The Poisson’s ratio 𝜈 was set to 0.48 while the radius 𝑅 was 

only represented by the cells in these experiments. Therefore, the size of the target and 

uncompressed cell was determined by the mean of a horizontal and a vertical diameter, measured 

using the software ImageJ. 

6.4.4 Cell adhesion 

For the acquisition of FluidFM®-based cell adhesion forces, REF52-paxillin-YFP cells were seeded 

at a density of 3000 to 4000 cells cm-2 onto a 40 mm glass bottom dish (WillCo Wells B.V., 

Amsterdam, Netherlands). The sample preparation was performed one day in advance to ensure 

the formation of mature cell contacts. For force data acquisition, tipless cantilevers with a nominal 

spring constant of 2 N m-1 and an aperture of 8 µm were used. Right before the measurement, the 

working distance between cantilever and cell was automatically set via a build-in procedure of the 

Cytosurge-ARYA software (Cytosurge AG, Glattbrugg, Germany). By starting the cellular 

de-adhesion process, the cell is approached with a speed of 5 µm s-1. After reaching a setpoint of 

about 30 nN, the cell is attached at the cantilever tip by applying a negative pressure between -500 

and -600 mbar, depending on the cell size. To ensure a proper sealing, a pause of 2 to 3 s was 

accomplished, followed by the retraction of the sample stage with a speed of 2 µm s-1. A constant 

suction pressure ensured cellular immobilization throughout the whole cellular detachment. 

During this process, data acquisition was performed under brightfield illumination and with a 

frequency of 512 Hz. The Cytosurge software automatically generated videos of the cellular 

de-adhesion. All measurements were accomplished at RT and with the corresponding culture 

medium as surrounding solution. Samples were used for a maximum of 1.5 h. 

The recorded raw data of a cellular detachment was extracted on and processed in Excel, in 

accordance with the procedure of indentation analysis which was described in Chapter 6.4.2. 

However, in this case, the step of cellular immobilization had to be considered additionally. For 

the determination of the overall time progression, the given times of approach, pause, and 

retraction were added up. With this, a whole cell detachment process could be displayed as force- 

versus time-curve and graphical illustrated using OriginPro2020.  
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6.5 FL-FluidFM® performance  

6.5.1 FL-FluidFM® data acquisition 

FL-FluidFM® data acquisition was operated on separate computers for independent but 

simultaneous control of the correlated methods. FL was performed by using ZEN 2.6 as imaging 

software of ZEISS (Carl ZEISS AG, Oberkochen, Germany). The control unit of FluidFM® 

experiments was composed of two software: the Cytosurge-ARYA for cantilever alignment and a 

defined cell detachment workflow, and the Nanosurf C3000 FluidFM-T controller unit (Nanosurf 

GmbH, Langen, Germany) for monitoring of the cantilever deflection as well as the movement of 

the 100 µm z-stage and PIFOC. All measurements were based on a micropipette cantilever with a 

nominal spring constant of 2 N m-1 and an aperture of 8 µm. Cantilever preparations were 

accomplished in the same way as depicted in Chapter 6.4.1. 

Prior to each experiment, the sample stage was set to the highest position of +50 µm, followed by 

a cantilever approach with 5 µm s-1 until a set point of 30 to 50 nN was reached. A defined working 

distance between the cantilever and a targeted cell was achieved by subsequently retracting the 

z-stage by 20 µm. With starting the FL-FluidFM® measurement, the z-stage moved upwards until 

the cantilever and cell were in contact and a setpoint between 30 and 50 nN was reached, 

followed by the immobilization of the cell by applying a negative pressure of -400 to -500 mbar. A 

stable sealing between micropipette and cell was achieved by a pause of 2 to 3 s in which the 

sample stage position and force were kept constant. Afterwards, while maintaining a constant 

suction pressure, the 100 µm z-stage was retracted with a speed of 2 µm s-1 until the lowest stage 

position of -50 µm was reached. During this backward movement, the detachment process of an 

immobilized cell was recorded with a frequency of 1024 Hz, while at the same time, the 

fluorescence microscope acquired a time-series of 60 to 70 s. The acquisition of all time-series was 

performed by using an excitation wavelength of 555 nm. Its intensity was set to 100% and the 

exposure time within a range of 200 to 300 ms. The acquisition of dual-channel fluorescence 

images was accomplished by combining 555 nm with 475 nm excitation light. The exposure time 

was set to 500 ms in both cases, whereas the intensity of the blue laser was limited to 40%. After 

each experiment, the cantilever was cleaned by rinsing it 1 min with sodium dodecyl sulfate (SDS) 

followed by several washing steps with ultrapure water. All FL-FluidFM® measurements were 

performed at RT and in FluoroBrite solution as experimental surrounding medium. 



Chapter 6 

102 
 

6.5.2 Data processing and analysis 

6.5.2.1 Detachment step analysis 

Prior to the data correlation of force progression and visualized de-adhesion steps, the primary 

data had to be converted into the form of force versus time, first, referring to the force-curve 

processing presented in Chapter 6.4.4. Afterwards, single unbinding steps of a retraction-curve 

were analyzed using OriginPro2020. Each force-jump that was preceded by either a ramp-like 

change in force or a plateau was defined as a definite detachment step and manually analyzed via 

a linear fit. A software-implemented tool automatically calculated the respective slope with 

standard deviation. To limit the fitting area, two markers were set, one at the beginning and one 

at the end of the step. In this way, all slopes within a detachment process could be displayed as a 

slope-detachment step graph. 

6.5.2.2 Correlated analysis of FL-FluidFM® data 

Following the force-step analysis, the data processing of recorded time-series was performed 

using ZEN 3.0 and ImageJ. After adjusting the fluorescent contrast, the relative time of a visualized 

detachment process was displayed using a software-implemented tool. Unambiguous matching 

of identified detachment steps and spots of cellular unbinding was achieved by using the last 

force-step and its corresponding time as a reference and starting point for data reconciliation. A 

possible temporal delay between the two data sets was compensated by considering the time 

difference at each correlated unbinding process. By scanning through the whole visualized 

detachment and the corresponding force progression, a precise matching of unbinding steps was 

possible. 

6.6 Correlated investigation of cell-cell adhesion 

6.6.1 Sample preparation 

For the acquisition of adhesion forces arising from cell-cell contacts, HUVECs were seeded at a 

density of 10 000 to 15 000 cells cm-2 onto a 40 mm glass bottom dish (WillCo Wells B.V., 

Amsterdam, Netherlands) pre-coated with 0.1% gelatin (Chapter 6.1.2). After the incubation for 

at least one day, cellular detachment experiments were performed only with cells that were 

connected to adjacent cells using the FL-FluidFM® setup and its optimized optical properties. As a 

control, also the adhesion forces of individual HUVECs meaning cells solely contacting the surface 

were acquired. Thus, to ensure an increased cell singulation, the seeding density was reduced to 

4000 cells cm-2. 
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6.6.2 Correlated data acquisition 

The performance of simultaneous SCFS and optical tracking of detached HUVECs was performed 

analogously to the already described procedure of data acquisition using FL-FluidFM® 

(Chapter 6.5.1). Also in this case, a tipless cantilever of 2 N m-1 nominal spring constant and 8 µm 

aperture was applied. However, instead of fluorescence light, only brightfield illumination was 

implemented. Furthermore, the working distance between cantilever and sample was reduced to 

a minimum to achieve the longest possible retraction range. Compared to the measurements with 

REF52 cells, here, the suction pressure was slightly increased to -600 to -700 mbar ensuring an 

appropriate sealing of the cell. Moreover, the cellular detachment of HUVECs was performed with 

two different retraction speeds, namely 2 and 5 µm s-1. During this process, the brightfield 

illumination was set to 100% intensity and an exposure time of 70 ms. Another important aspect 

in quantifying adhesion forces of HUVECs was the adjustment of the software internal 

proportional-integral-derivative (PID) controller working as a feedback control loop and, thus, 

continuously balancing the difference between an actual and a setpoint value. In contrast to the 

measurements with REF52 cells where the parameters were set to 250 (P), 200 (I), and 0 (D), for 

the experiments with HUVECs, the proportional parameter (P) was doubled to 500 ensuring a 

smooth up and downward movement of cantilever and sample stage. 

6.6.3 Force-curve processing and data analysis 

The processing of primary data and its analysis was performed in accordance with the already 

described procedure in Chapter 6.5.2. However, for the analysis of cell-cell adhesion, also the 

MDFs of cells and their dependence on the retraction speed were evaluated. Therefore, the 

maximum forces were determined using OriginPro2020 and graphically illustrated via a box-plot. 
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A.1. Starting the FL-FluidFM® system 

The correlated FL-FluidFM® device is composed of several hardware components and two 

separated computers controlling the fluorescence microscope and FluidFM®, respectively. A 

photograph of the whole system showing almost all components is illustrated in Figure 32.  

 

Figure 32: Photograph of the correlated FL-FluidFM® system showing the main components. On the left 
side, there is the microscopic setup. In the corner right next to the device box, there is a general power 
supply ①, which is not directly visible in this photograph. The other numbers indicate additional 
components. These include the Nanosurf stage controller ②, the nanoFaktur ③, the npoint LC400 ④, 
the C3000 controller unit ⑤, the fluorescence microscope ⑥, the Accurion isolation vibration stage ⑦, 
the pressure controller ⑧, and the two computers for FluidFM® ⑨ and FL ⑩. These are connected to 
three computer monitors. The left one corresponds to the fluorescence microscope, while the middle and 
the right ones are associated with the FluidFM® system. 

To work with the correlated device, all components have to be switched on. First, the general 

power supply ① which can be found as a small white box right back in the corner next to the 

device box (not visible in Figure 32). This is followed by the Nanosurf stage controller which moves 

the sample stage in xy-direction ②. The speed of movement can be changed by pressing and 

turning the left and middle pins of the controller. By another pressing, the speed can be fixed. 

Afterwards, the nanoFaktur ③ is switched on, regulating the movement of the PIFOC. 

Subsequently, the npoint LC400 ④ and the C3000 controller unit ⑤ can be activated. The latter 

is composed of two black boxes, but only the left one can be turned on. This is followed by the 

fluorescence microscope ⑥ and the Accurion vibration isolation stage ⑦ below. Here, the left 

and the middle button have to be activated. The pressure controller ⑧ represents the next 

component and can be found as black box on the ground directly below the device table. The last 



Appendix A 

134 
 

two hardware components to be switched on are the FluidFM® ⑨ and FL computers ⑩, both 

marked with a corresponding sign on the computer tower. The associated passwords are 

‘fluidfm2013’ and ‘gabbahey’, respectively. In the end, the respective software of both systems 

can be started. For the fluorescence microscope, it is the ZEN 2.6 software, which is located in the 

upper middle of the computer screen. The ‘ZEN pro’ version has to be activated for data 

acquisition. The FluidFM® is controlled by two programs, the Nanosurf C3000 FluidFM-T, and the 

Cytosurge-ARYA software. The latter should be started only after the complete loading of the 

C3000 software. Both software programs are located on the upper right side of the computer 

screen. 

A.2. FL software 

The main panel of the ZEN 2.6 software, including an exemplary fluorescence image, is illustrated 

in Figure 33a. To define all working parameters, the sections ‘Aufnahme’ ① and ‘4-Kanal’ ② 

have to be chosen. The latter already provides pre-defined working parameters, which are 

optimized for the correlated data acquisition. However, the specific setting has to be prepared 

prior to each experiment. By checking the ‘Automatisch speichern’ box ③, a new working space 

under ‘Anwendungen’ ④ occurs. Here, the storage location and the respective file name can be 

specified. Within the section ‘Kanäle’ ⑤, pre-defined illumination channels appear, including the 

four fluorescence channels EGFP, DsRed, DAPI, and Cy5 as well as the brightfield illumination 

(Figure 33b). A list of fluorescence dyes opens by clicking on the small “+”, and further options can 

be chosen. However, one has to ensure that newly chosen fluorescent dyes also match the 

microscopic equipment such as filters or illumination wavelength. Furthermore, channels can be 

deleted by clicking the small trash icon. For a successful fluorescence illumination, the light 

intensity ① and exposure time ② have to be defined for each channel (Figure 33b, red arrows). 

These parameters occur by clicking on a fluorescence channel. With starting a new project, it is 

advisable to start with a low intensity and exposure time preventing direct photobleaching. 

Afterwards, both parameters can be adjusted to achieve a good signal quality. More precisely, the 

two parameters should be balanced so that no one completely dominates, and overexposure or 

high background signal is avoided. This can be further controlled within the section ‘Anzeige’ 

(Figure 33a ⑥) which appears beneath the live image after clicking the “Live” button ⑦. Here, 

the signal distribution of each channel is illustrated, visible as green, and orange signals. Due to 

the entire hardware correlation, this software provides no automated connection to the filters or 

objectives. Therefore, the correct hardware setting has to be manually chosen at the microscope 

panel (Figure 33c).  
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Figure 33: Settings for fluorescence imaging. (a) To achieve successful fluorescence imaging, the 
‘Aufnahme’ ① and ‘4 Kanal’ ② button has to be activated first. By checking the ‘Automatisch speichern’ 
box ③, a new section is opened under ‘Anwendungen’ ④. The section ‘Kanäle’ ⑤ provides specific 
parameters of the illumination channels, such as light intensity or exposure time. The signal quality of an 
image can be further controlled within the ‘Anzeige’ ⑥, which appears after starting the ‘Live’ modus ⑦. 
By activating the ‘Snap’ button ⑧, a fluorescence image is recorded and subsequently displayed in the 
‘Bilder und Dokumente’ section ⑨. The activation of ‘Zeitreihe’ ⑩ induces a new field of parameters ⑪. 
After defining the recording time duration, the acquisition can be started via ‘Experiment starten’ ⑫. 
(b) Exemplary illustration of the ‘Kanäle’ settings including ‘light intensity’ ① and ‘exposure time’ ②. 
(c) Starting display of the microscope panel. By activating the ‘Mikroskop’ section, further hardware settings 
appear. 

By clicking on ‘Mikroskop’, different sections of hardware settings open, including ‘Objektive’, 

‘Reflektor’, ‘Optovar’, and ‘Lichtweg’. To acquire fluorescence images, the illumination channel(s) 

of interest have to be checked. More precisely, the check mark is decisive and not which channel 
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is clicked. Afterwards, a fluorescence image is generated by activating the ‘snap’ button ⑧ and 

subsequently displayed in the ‘Bilder und Dokumente’ section ⑨. For the acquisition of a time 

series, the box of ‘Zeitreihe’ ⑩ has to be checked which activates another 

‘Aufnahmeparameter’ ⑪. Here, the duration of the time series can be defined. To achieve a high 

frame rate, the exposure time of the illumination channel should be as low as possible. The 

measurement can be started by clicking the ‘Experiment starten’ ⑫ button. 

A.3. FluidFM® software 

The FluidFM® system is operated by the Nanosurf C3000 FluidFM-T and the Cytosurge-ARYA 

software. While the former is applied as a background control for several parameters, the ARYA 

software, on the other hand, provides a more user-friendly pre-defined workflow and is used for 

the actual performance of the FluidFM® measurements. 

A.3.1. Nanosurf C3000 FluidFM-T 

The home screen of the C3000 software is illustrated in Figure 34a. It provides a monitoring of six 

parameters, including ‘normal deflection’ ①, ‘User In B’ ②, ‘Z-Axis Sensor’ ③, ‘Z-Axis Out’ ④, 

‘User Out C’ ⑤, and ‘Approach Motor’ ⑥. The first one shows the live cantilever deflection. The 

second parameter represents a measured feedback signal coming from a position sensor of the 

100 µm z-stage. The two ‘Z-Axis’ parameters represent the movement and signal of the cantilever 

within a 10 µm range controlled by the FluidFM® head. Here, the ‘Sensor’ visualizes the actual 

signal from the z-axis, while the ‘Out’ signal represents the signal entered on the z-piezo. The ‘User 

Out C’ parameter reveals the position signal directed on the 100 µm sample stage, given as values 

between -50 and +50 µm. The latter parameter shows any signal connected to a running approach 

motor, for instance, during approach, retraction, or home position withdrawal, which represents 

the upper most cantilever position. This software further provides the option to independently 

move the sample stage via the ‘Retract’ and ‘Advance’ tools ⑦, located in the ‘Approach’ section. 

By clicking on the small arrow ⑧ in the right corner of this section, a new toolbox named ‘SPM 

Parameters’ appears allowing a more advanced parameter configuration (Figure 34b). Especially 

the ‘SPM System’ unit is important for a defined stage/PIFOC positioning. Under ‘User Output C 

Idle Parameters’ (marked with a red square), the exact stage position can be defined by a given 

value in ‘Absolute Idle Position’. The ‘Idle Mode’ should be set to ‘Set to Absolute Value’ to prevent 

a software internal position adjustment. Furthermore, the ‘Laser Control’ (marked with a red 

square) allows switching off the FluidFM® laser.  
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Figure 34: Exemplary screens of the Nanosurf C3000 FluidFM-T software. (a) The home screen of the 
software shows important tools and parameters. There is a monitoring field on its right side, visualizing 
different parameters such as ‘normal deflection’ ①, ‘Z-Axis Sensor’ ②, ‘Z-Axis Out’ ③, and ‘User Out 
C’ ④. The ‘Approach’ section allows the independent moving of the sample stage via the ‘Advance’ and 
‘Retract’ buttons ⑤. By clicking on the small arrow ⑥, another toolbox opens named ‘SPM parameters’. 
Next to the ‘Approach’ section, the ‘Preparation’ area provides further experimental adjustments such as 
‘Laser Alignment’ ⑦, or two cantilever spring constant calibration methods. One can choose between 
‘Thermal Tuning’ ⑧ or ‘Frequency Sweep’ ⑨. Depending on the method, the ‘Static Force’ or ‘Dynamic 
Force’ mode has to be activated ⑩. 

The ‘Preparation’ section on the home screen supplies three other important tools. The first one 

is the ‘Laser Alignment’ ⑨, which can be used for checking the correct laser position on the photo 

detector. The other two are related to the calibration of the cantilever spring constant. One can 

choose between ‘Thermal tuning’ ⑩ and ‘Frequency Sweep’ ⑪. It is advisable always to do both 
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but starting with the ‘thermal tuning’, which should be performed under ‘Static Force’ ⑫ mode. 

By activating the calibration tool, a new window occurs named ‘Thermal tuning’ (Figure 35). 

During the calibration process, the fitting range of the peak has to be adjusted under ‘Peak fit’ 

(①, red square) until a good overlay, and a stable spring constant as well as resonance frequency 

is reached. The latter ones are displayed on the right side of the window (②, red square).  

 

Figure 35: Exemplary window of the calibration method ‘Thermal Tuning’. On the left side of the panel 
(①, red square), the ‘Peak fit’ section provides the adjustment of the fitting range. This has to be modified 
until a well-defined overlay between the peak of the thermal spectrum (orange) and the fit (blue) occurs. 
The extracted resonance frequency, quality factor and spring constant are displayed on the right side of the 
window (②, red square). 

For the calibration via ‘Frequency Sweep’, the force mode has to be switched to the dynamic 

mode ⑫ first. As illustrated in Figure 36, this calibration method is separated into two steps, the 

‘Coarse Sweep’ ① and the ‘Fine Sweep’ ②. The former one serves as rough tuning. For its 

frequency range, the resonance frequency determined under ‘Thermal tuning’ can be used as an 

orientation. The ‘Step Frequency’ should be set to a value between 100 and 200 Hz to avoid a long 

calculation time. Afterwards, the ‘Fine Sweep’ can be performed by entering the newly calculated 

resonance frequency into the ‘Center Frequency’ field. The ‘Span Frequency’ defines the 

surrounding fitting range, usually set to 20 to 30 kHz. The ‘Step Frequency’ can be reduced to a 

small value of about 10 Hz. The calculated resonance frequency and the spring constant are 

displayed on the right side of the panel (③, red square). For the decision on which extracted 

spring constant will be adopted, two factors have to be considered: first, which value reveals a 

better agreement with the nominal spring constant of the cantilever and second, which method 

shows the better fitting. If both calibration methods show a similar result, the one of the 
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‘Frequency Sweep’ should be preferred. Here, the cantilever is driven by a high precision shaker 

piezo instead of RT induced thermal motion as in the ‘Thermal turning’. 

 

Figure 36: Toolbox of the ‘Vibration Frequency Sweep Tuning’. This method is based on two steps, the 
‘Coarse Sweep’ ①, which serves as an initial approximation, and the following defining ‘Fine Sweep’ ②. 
The first one can be limited by the ‘Start’ and ‘End Frequency’, as well as the ‘Step Frequency’. The ‘Fine 
Sweep’ is narrowed down to a ‘Center Frequency’, which is already close to the resonance frequency. Here, 
only the ‘Span Frequency’ and the ‘Step Frequency’ have to be inserted. On the right side of the panel, the 
extracted ‘Resonance Frequency’ as well as the ‘Spring Constant’ are displayed (③, red square). 

A.3.2. Cytosurge-ARYA 

After starting the ARYA software, a project window appears. By clicking ‘Start new experiment’, a 

new project opens. After the software’s internal configuration, the absolute coordinates of the 

xy-stage have to be initialized. During this process, the stage will be automatically moved to its 

limits in both directions and subsequently centered. This is accompanied by a high-frequency 

sound. Due to a high risk of breakage, no cantilever should be already implemented into the 

system during the initialization. The note ‘The Barcode Reader could not be initialized’ can be 
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ignored since no one is connected to the device. Afterwards, the operator software is ready-to-use 

(Figure 37). On its left side, there are several icons, such as a snapshot ①, a camera that makes 

a video of the whole experiment ②, or one that only records the last 30 s ③, a syringe ④, and 

a cantilever symbol ⑤. However, the two latter icons represent the most important ones for the 

FluidFM® performance. The cantilever symbol controls the cantilever movement, including 

surface approach ⑥ and retraction to the home/safety position ⑦. On the other hand, the 

syringe icon activates a panel for the pressure control. There are two operator fields on the right 

side of the ARYA screen, the ‘Workflow’ ⑧ and the ‘Settings’ ⑨. 

 

Figure 37: Exemplary starting panel of the Cytosurge ARYA software. On its left side, the software provides 
several tools, such as a snapshot ①, two camera tools, one for the acquisition of an entire experiment ② 
and one for the last 30s ③. This is followed by a syringe ④ that allows pressure control, and a cantilever 
icon ⑤ that includes a controlled cantilever approach ⑥ or retraction ⑦ into its home position. On the 
right side of the ARYA panel, there are two operator options, the ‘Workflow’ ⑧ and the ‘Settings’ ⑨ 
providing further toolboxes. 

By activating the ‘Settings’ ⑨, a list of options appears. As illustrated in Figure 38a, the section 

‘AFM’ provides several parameters that have to be adjusted for an appropriate FluidFM® 

performance. At the beginning of an experiment, the ‘Approach Setpoint’ is given as 200 mV in 

accordance with the ‘Approach’ operator in Figure 37 ⑥. Only after cantilever calibration both 

values are automatically transformed into nanonewtons. However, this ‘setpoint’ can be manually 

modified if needed. The second parameter, ‘Approach Speed’, is usually set to 5 µm s-1 and 

determines the general speed of the cantilever, when approaching for the sensitivity calibration. 

The following three ‘Gain’ parameters represent a PID controller, which sometimes has to be 

modified for different cell types, starting with the ’P Gain’. For example, experiments with 
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fibroblasts, such as REF52 cells, need a ‘P Gain’ of 250, while HUVECs require an increased ‘P Gain’ 

of 500. The ‘Active Sensitivity’ is either automatically inserted after the calibration of the 

cantilever sensitivity or it can be manually set to a known value. The last parameter, the ‘Active 

Spring Constant’, has to be manually entered after the calibration via ‘Thermal Tuning’ or 

‘Frequency Sweep’ (Appendix A.3.1). The second parameter, ‘View’, in the ‘Settings’ list provides 

the modification of the displayed camera view (Figure 38b). Here, only the ‘Mirror Option’ has to 

be adjusted by clicking on the right corner of this field. The option ‘Left Right’ activates a mirrored 

view of the camera image and, thus, a matching display of both fluorescence and FluidFM® 

cameras. 

 

Figure 38: Exemplary images of the FluidFM® operator ‘Settings’. (a) The ‘AFM’ toolbox provides a list of 
parameters that can be adjusted depending on the experiment. Here, especially the ‘Active Sensitivity’ and 
the ‘Active Spring Constant’ are important for a reliable and successful measurement. (b) The ‘View’ settings 
allow the mirroring of the displayed camera image by activating the ‘Left Right’ option in the ‘Mirror 
Options’ parameter. 

The ‘Workflows’ operator offers a variety of toolboxes including ‘Prepare FluidFM’, ‘Cell Adhesion 

10 µm’, and ‘Cell Adhesion 100 µm’ representing the most important ones (Figure 38c, red 

squares). The former provides a complete workflow for the correct preparation of the cantilever, 

which is detailed described in Appendix A.4.3. The second one has to be chosen for indentation 

or deformation experiments providing information about the elastic properties of a sample 

(Appendix A.5.1). During these measurements, the cantilever moves only in a range of 10 µm 

within the FluidFM® head. The ‘Cell Adhesion 100 µm’ workflow, on the other hand, offers a stage 
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retraction range of 100 µm and is therefore appropriate for long-distance experiments such as cell 

adhesion (Appendix A.5.2). 

A.4. Cantilever installation 

A precise and correct cantilever installation is crucial for a successful FluidFM® performance. Each 

cantilever is single-packed in a blister package from the Cytosurge company and provides specific 

parameters such as aperture size and nominal spring constant. The cantilever installation can be 

either performed without or with cantilever coating depending on the requirements of the 

experiment. 

A.4.1. Cantilever preparation 

To insert the cantilever into the system, there is a preparation set consisting of a magnetic 

FluidFM® probe holder ①, a magnetic support for the probe holder ②, a pneumatic connector 

tube ③, and a small screwdriver ④ (Figure 39a), all stored in a wooden box of the FluidFM® 

head. In the first step, the c-curved cyto-clip ⑤ consisting of the microchanneled cantilever ⑥, 

a macrochannel ⑦, and a fluidic reservoir ⑧ has to be mounted on the FluidFM® probe holder 

in a way that the cantilever is positioned over the small window (Figure 39b). It is advisable to 

carefully hold the cyto-clip at the outer edges of the reservoir or the c-curved arms. In case of a 

completely new cantilever, the fluidic reservoir has to be carefully filled with 15 to 17 µm of a 

solution, for instance, HEPES-2. To prevent the development of air bubbles within the reservoir, 

the tip of the pipette should be brought as close as possible to the macrochannel and subsequently 

pushed only to the first pressure point. Afterwards, the reservoir can be closed with the pneumatic 

connector, as illustrated in Figure 39c. The cantilever is then mounted on the underside of the 

measuring head via the magnetic linkage of the probe holder and subsequently connected to the 

pressure system using the pneumatic connector (Figure 39d). During this process, the pressure 

should be set to 0 mbar. To ensure a correct and straight positioning of the probe holder, a 

marking in the metallic frame (red arrow) that provides the direction of the cantilever serves as 

orientation. Afterwards, the FluidFM® head is mounted on a dry petri dish which is placed on the 

100 µm z-stage and serves as robust surface during sensitivity calibration and as orientation guide. 

To prevent a cantilever breakage, the petri dish has to be positioned in a way that there is no 

contact between the cantilever and any edge. In addition, only petri dishes with a low height fitting 

under the FluidFM® measuring head can be used. For instance, the company WillCo Wells offers 

petri dishes with a height of 7 mm. Afterwards, the ‘Prepare FluidFM®’ workflow can be started 
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(Appendix A.3.2, Figure 38c). The corresponding step-by-step procedure is detailed explained in 

Appendix A.4.3. 

 

Figure 39: FluidFM® cantilever preparation. (a) The preparation setting of the cantilever consists of a 
magnet probe holder ①, a magnetic probe holder stage ②, a pneumatic connector ③, and a small 
screwdriver ④. (b) A c-curved cyto-clip ⑤, which is equipped with the microchanneled cantilever ⑥, a 
macrochannel ⑦ and a fluidic reservoir ⑧ is mounted on the probe holder in a way that the cantilever is 
oriented on the small window ⑨. (c) Sideview of the cyto-clip connected to the pneumatic connector. (d) A 
FluidFM® measurement head is connected to the magnetic probe holder. The cantilever is linked to the 
pressure system via the pneumatic connector. The marked sign in the metallic frame (red arrow) serves as 
orientation guide, showing the cantilever direction. 

A.4.2. Non-fouling cantilever coating 

Instead of directly using a new cantilever in its ‘raw state’, it can also be functionalized 

beforehand. This helps to avoid residues on the cantilever tip and to reduce subsequent washings 

steps to a minimum. However, the effectiveness of this anti-fouling coating depends on the 

applied negative pressure used for the sample aspiration and the duration of contact with the 

cantilever. For instance, for cells in suspension or pick-and-place experiments, this method has 

proven to be effective.45 Prior to a non-fouling coating, cantilever spring constant and sensitivity 

have to be calibrated as described in Appendix A.3.1 and A.4.3. 

The cantilever coating is performed either at 80 °C or at RT. In the case of high-temperature 

functionalization, the whole coating process is performed in a pre-heated warming bath, as 

illustrated in Figure 40a. Therefore, a coating solution with a concentration of 0.5 mg mL-1 is 

prepared by dissolving the non-fouling PLL-g-PEG (PLL(20)-g[3.5]-PEG(2) (PEG), SuSoS AG, 
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Dübendorf, Switzerland) in prewarmed double distilled water (ddH2O). Right before the coating, 

a fresh cantilever has to be treated with a plasma cleaner from both sides for about 1 s. 

Afterwards, 17 µl prewarmed PLL-g-PEG or HEPES-2 solution has to be loaded into the fluidic 

reservoir, closed with a pneumatic connector and coupled to a syringe. By slowly applying an 

overpressure, the filling of the macrochannel, as well as the appearance of a droplet at the 

cantilever, can be recognized. Using a 20 mL syringe and starting the pressure application at the 

9 mL marker is advisable. After the successful cantilever filling, this pressure should be kept for 

about 1 min by fixing the position of the syringe via a clamp (Figure 40b). Subsequently, the 

syringe has to be removed very slowly to avoid a sudden negative pressure. To prevent 

evaporation of the solution within the reservoir, the cantilever stays connected to the pneumatic 

connector (Figure 40a ①) during the whole coating process. Afterwards, the cantilever has to be 

dipped into the pre-heated PLL-g-PEG solution within the probe-tube ②. Therefore, a 15 mL 

falcon tube (TPP centrifuge tube flat, Faust Lab Science, Klettgau, Germany) is cut at the 5.5 mL 

marker. The lower part of the tube is used as a probe-holder and filled with the pre-heated coating 

solution. Since the diameter of the tube matches exactly the width of the cyto-clip ③, the probe 

can be plunged into the solution without any external attachment. This probe tube, in turn, is 

immediately inserted into a 50 mL falcon ④, subsequently filled with pre-heated water right 

below the edge of the probe-tube. Additionally, a bar thermometer ⑤ is inserted to fix the 

position of the probe-tube and to have a control of the surrounding water temperature. 

Afterwards, this whole construct is transferred into the pre-heated warming bath and incubated 

for about 1 h. During the incubation, both the filling level of the coating solution within the probe-

tube and the ambient temperature has to be checked regularly. After half of the incubation time, 

the coating temperature is reduced gradually by switching off the heating plate. After further 

15 min, the probe-tube is taken out of the 50 mL falcon tube and incubated at RT for the rest of 

the time. At the end, the cantilever has to be rinsed a few times by immersion for 5 min in ddH2O. 

Therefore, a petri dish has to be filled with ddH2O and positioned onto the 100 µm z-stage. 

Subsequently, the cantilever is mounted on the FluidFM® head as explained in Appendix A.4.1. 

However, due to the cantilever being already wet, the window of the probe holder 

(Appendix A.4.1, Figure 39b ⑨)directly in front of the cantilever has to be filled with 40 µL 

ddH2O, ensuring a wet cantilever surrounding. Afterwards, the cantilever can be inserted into the 

petri dish by mounting the measurement head on top. In the case of a cantilever coating at RT, 

the probe is only clamped into the probe-tube and kept there for the whole process of 

functionalization. 
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Figure 40: Schematic illustration of the non-fouling cantilever coating. (a) Schematic setup of the cantilever 
coating. A pneumatic connector ① covers the fluidic reservoir of the cantilever preventing the evaporation 
of the loaded solution. The cyto-clip ② is clamped into a probe-tube ③ filled with coating solution. This, 
in turn, is placed into a 50 mL falcon tube ④ which is filled with pre-heated water right below the edge of 
the probe-tube. To stabilize the position of the probe-tube and to control the surrounding water 
temperature, a bar thermometer ⑤ is additionally inserted. This whole construct is dipped into a warming 
bath heated via a digitally controlled heating plate. (b) Setup of a manual cantilever reservoir filling. The 
cantilever pneumatic connector is linked to a syringe, whose position is fixed with a black clamp, ensuring a 
stable overpressure. 

A.4.3. ‘Prepare FluidFM®’ workflow 

The ‘Prepare FluidFM®’ workflow is a user-friendly guide that helps to ensure an appropriate 

cantilever installation. It consists of 12 steps which are explained in detail in the following. 

In the first step, ‘Name your Experiment’, an appropriate name of the experiment or sample can 

be entered. This is followed by the ‘Safety position’, which ensures that the cantilever is in its 

safety position by pressing the home button (Appendix A.3.2, Figure 37 ⑦). In the third step, 

‘Mount Probe’, the cantilever has to be aligned in a way that it shows a straight and centered 

position within the camera view. Due to its larger field of view, the position has to be checked 

through the eye piece of the microscope first. Therefore, the illumination has to be adjusted via 

the microscope panel (Figure 41a). If the cantilever is not visible, the focus level has to be carefully 

adjusted via the focus wheel on the right side of the microscope. Here, it is advisable to initially 

focus on the surface of the underlying petri dish as orientation. Then, the focus can be turned 

upwards until the cantilever and its fixation platform is visible. The position of the latter one 

should be as horizontal as possible. In case it is not, the cyto-clip and probe-holder position on the 

FluidFM® head has to be corrected. Its position can be further checked within the camera view 

(Figure 41b). Here, the edge of the fixing platform, visible as black shadow ①, should be aligned 

towards the upper frame of the camera viewing window ②, ensuring a straight position of the 

cantilever ③. Therefore, the location of the cyto-clip can be changed by a movement in 
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xy-direction. This is regulated via two silver screws, positioned at the left side of the xy-sample 

stage.  

 

Figure 41: Illustration of a successfully mounted cantilever. (a) On the microscope panel, both the 
‘Okulare/VIS’ ① and the brightfield illumination ② has to activated, enabling the sample visualization 
through the eye piece. (b) The edge of the cantilever fixing platform ①, visible as a black shadow, is well-
aligned towards the upper frame of the camera viewing winding. This guarantees a horizontal orientation 
of the cyto-clip and, therefore, a straight position of the cantilever ③. 

After the successful cantilever mounting, the probe has to be configured as ‘FluidFM Micro 

Pipette’ (‘Configure Probe’), automatically inserting intrinsic parameters such as nominal spring 

constant or the specific cantilever dimensions. This is followed by the laser alignment in dry 

conditions (‘Align Laser (Dry)’) (Figure 42a). First, the signal quality has to be adjusted by 

positioning the laser spot on the cantilever tip. As illustrated in Figure 42a ①, the highest quality 

is usually achieved between the first and third row of pillars. The movement of the laser spot is 

connected to two screws which are implemented in the FluidFM® head (Figure 42b ①). By using 
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the screwdriver presented in Appendix A.4.1 (Figure 39a ④), the laser spot can be directed in 

xy-direction. This is followed by the alignment of the photodetector which is adjusted by the 

screws marked with a ② in Figure 42b. To achieve an optimal laser signal, the laser spot, 

illustrated as a red dot in Figure 42a ③, has to be accurately centered within the coordinate 

system. As a supporting feature, this workflow also includes a schematic top view of the FluidFM® 

head, indicating the corresponding screws with ‘A’ for signal quality and ‘B’ for the photodetector 

(Figure 42a ②). 

 

Figure 42: Laser alignment in dry conditions. (a) The laser alignment consists of two steps. First the signal 
quality of the laser is adjusted by positioning the laser spot within the first three pillar rows of the 
cantilever ①. This workflow further provides a schematic top view of the FluidFM® head, indicating the 
corresponding screws for the alignment ②. The second step implies the alignment of the photodetector 
by accurately centering the laser spot, which is shown as a red dot within the coordinate system ③. 
(b) Photograph of the top view of a FluidFM® measurement head showing the four screws needed for the 
laser alignment. The signal quality is directed via the screws marked with a ①. The alignment of the 
photodetector, on the other hand, is performed with the screws under ②. The two pins in the back of the 
measurement head ③ are responsible for the height adjustment of the FluidFM® head. Both pins are 
marked with a small indentation and serve as orientation guide (red arrows). 
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The next step, ‘Measure Spring Constant’, implies the calibration of the cantilever spring constant. 

This is performed via ‘Thermal Tuning’ and ‘Frequency Sweep’ as explained in Appendix A.3.1. 

The extracted value is subsequently entered in the ‘AFM’ unit of the ‘Settings’ (Appendix A.3.2, 

Figure 38a). Then, the microchanneled cantilever is loaded with the solution, which was filled in 

the fluidic reservoir during cantilever preparation (Appendix A.4.1) (‘Fill Probe’). Therefore, the 

cantilever tip has to be clearly visible within the camera viewing window. By clicking on ‘Apply 

pressure’, a pressure of 1000 mbar is applied. Once the microchannel is completely filled, droplet 

formation occurs at the cantilever tip. Depending on the aperture size, this can take only a few 

seconds or up to a minute. To prevent the liquid from drying out and thus clogging the 

microchannel, the cantilever has to be always embedded in a liquid surrounding from now on. For 

this purpose, the small window implemented in the probe-holder has to be covered with a droplet 

of 40 µL ddH2O. In addition, the underlying petri dish has to be filled with ddH2O embedding the 

whole cyto-clip. Due to the surrounding water and the resulting different refraction, the laser 

alignment has to be re-adjusted in the next step (‘Align Laser (Liquid)’). This is performed 

analogously to the procedure under dry conditions. Compared to the dry state, the signal quality 

is slightly reduced and settled between 8 and 9%. Prior to the following ‘Approach’, the focus is 

set to the upper surface of the petri dish checking the entire distance between home position and 

substrate. By starting the approach, the cantilever is automatically moved downwards until the 

surface, and an initially given setpoint of 200 mV, is reached. If the separation between cantilever 

and sample surface is too large, the complete FluidFM® head will be lowered via two pins at its 

back (Figure 42b ③). To ensure a horizontal position of the FluidFM® head, both pins should be 

moved only simultaneously and aligned in the same direction. For this purpose, they are equipped 

with two small indentations, which serve as an orientation guide. Afterwards, the cantilever 

sensitivity can be determined by an automated procedure of the software (‘Measure Sensitivity’). 

Here, the cantilever is pressed onto the surface until the initially given setpoint of 200 mV is 

reached. This process should be performed five times and subsequently compared within ‘Data 

Selection’. An exemplary composition of five curves is illustrated in Figure 43, showing an 

applicable force peak and an overall good agreement. Here, the considered data for sensitivity 

calculations can be defined by activating or excluding a force-curve. The cantilever sensitivity is 

automatically entered into the ‘AFM’ section of the ‘Settings’ by accepting the calculated value 

(Appendix A.3.2, Figure 38a). Moreover, the ‘Approach Setpoint’ is given in nanonewton from 

now on. During the next step, ‘Center Probe’, the cantilever has to be aligned until its aperture 

matches the crosshairs. This position serves as starting position for the following experiments 

conducted with ‘Cell Adhesion 10 µm’ or ‘Cell Adhesion 100 µm’. 
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Figure 43: Exemplary data selection of five force-curves measured during the sensitivity calibration. The 
red course shows the up and downward movement of the cantilever. The blue peaks illustrate the force 
peak, appearing when a given setpoint is reached. 

A.5. Data acquisition 

Depending on the experiment, one can choose between two data acquisition workflows. The ‘Cell 

Adhesion 10 µm’ workflow provides a cantilever driving range of 10 µm, which is mostly used for 

the examination of elastic properties. On the other hand, experiments that need a long-distance 

retraction range, such as the cell adhesion of mature cells, are usually performed with the ‘Cell 

Adhesion 100 µm’ workflow. Here, the z-stage offers a driving range of 100 µm. The workflow of 

both indentation (Appendix A.5.1) and conventional cellular detachment (Appendix A.5.2.1) 

experiments is illustrated without a PIFOC system. This is only required in the procedure of 

correlated FL-FluidFM® data acquisition. 

A.5.1. Cell Adhesion 10 µm 

At the beginning of this workflow, sample and cantilever are brought to a defined distance of 

30 µm (‘Set sample distance’). This is followed by a re-alignment of the cantilever by matching the 

aperture with the crosshairs again (‘Center probe’). Afterwards, the target sample has to be 

selected (‘Select Target Cell’). As illustrated in Figure 44, this step activates a movable crosshair 

and a fixed square which signs the ROI. By moving the sample stage with the Nanosurf stage 

controller (Appendix A.1, Figure 32 ②), the target sample can be positioned into the ROI and 

subsequently marked with the crosshair.  
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Figure 44: Illustration of the step ‘Select Target Cell’. Here, a fixed square is displayed which defines the 
ROI in which a target sample has to be located in. The movable crosshair subsequently acts as contact point 
for the cantilever during attachment and has to be positioned over the target cell. 

The following step, ‘Measure Adhesion’, provides the opportunity to define specific measurement 

parameters (Figure 45). For indentation experiments, the option ‘Reuse Cell’ has to be activated 

which blocks an automated sample attachment via negative pressure. By clicking on the displayed 

graph ①, a new window named ‘Modulation’ opens. By further clicking on the hat icon ②, a 

more detailed list is displayed. Here, the three sections of cantilever movement can be further 

specified. Since the analysis of elastic properties is based on the approach-curve, the ‘Sampling 

Rate’ of ‘Towards Sample’ should be increased to 1024 Hz ensuring enough data points. The 

‘Setpoint’ corresponds to the ‘Approach Setpoint’ calculated after sensitivity calibration and given 

under ‘Settings’-‘AFM’ (Appendix A.3.2, Figure 38a). The setpoint can be manually adjusted 

depending on the experimental requirements, if needed. However, it is advisable to always enter 

the same setpoints in both categories. The ‘Speed’ represents another parameter, whose value 

strongly depends on the experimental context. For classical indentation measurements, a slower 

speed of 1 µm s-1 is usually used. The ‘Pause on Sample’ section can be skipped by indicating 0 s 

or activated for a few seconds with a ‘Sampling Rate’ of 512 Hz. Also, for the last section, ‘Away 

from Sample’, a ‘Sampling Rate’ of 512 Hz is sufficient. The ‘Distance’ can be set to its maximum 

which is usually indicated as about 9.63 µm. The movement of ‘Direction’ is set to ‘Backwards’ and 

conducted with the needed ‘Speed’. In general, measurements are often performed with the same 

speed for both the cantilever approach and retraction. After the complete parameter adjustment, 



  Appendix A 

151 
 

the measurement can be started. The recorded data can be displayed by activating the folder 

button on the left corner (Figure 45 ③). By subsequently activating an image, different data files 

can be exported including ‘SPIP (.asc)’, ‘Figure (.png)’, and ‘Comma Separated (.csv)’. The latter 

one can be opened with excel, while the former one is a special data format for the analysis 

software ‘SPIP’. The whole data is saved at ‘FluidFM User’ → ‘Documents’ → ‘Cytosurge’ → 

‘Results’. 

 

Figure 45: Exemplary view of the ‘Cell Adhesion 10 µm’ workflow. The ‘Modulation’ toolbox of ‘Measure 
Adhesion’ is activated by clicking on the graphical illustration of the cantilever movement ①. A more 
detailed parameter setting is displayed by clicking on the hat icon ②. Here, the three sections of ‘Towards 
Sample’, ‘Pause on Sample’ and ‘Away from Sample’ can be specified. 

A.5.2. Cell Adhesion 100 µm 

The ‘Cell Adhesion 100 µm’ workflow is used for both conventional cellular detachment as well as 

for the correlated one. However, the latter includes a few more extra features. 

A.5.2.1. FluidFM® cell adhesion 

The basic procedure of this workflow includes the same steps as the ‘Cell Adhesion 10 µm’ one. 

Only the fourth step, ‘Measure Adhesion’, differs in its settings. Here, the option ‘Grab New Cell’ 

has to be chosen which activates the pressure system. Depending on the cell/sample size and 

adhesion strength, the pressure can be set between -100 and -800 mbar. The ‘Modulation’ 

window shows the same parameter composition as described before (Appendix A.5.1, Figure 45). 

However, in this case, the ‘Sampling Rate’ of ‘Towards Tip’ can be set to 512 Hz. Analogously to 
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the ‘Cell Adhesion 10 µm’ workflow, the calculated ‘Setpoint’ and ‘Speed’ can be manually 

adjusted according to the experimental requirements. Normally, a speed of 5 µm s-1 is 

appropriate. To ensure a proper sealing, the ‘Pause in Contact’ is usually activated for 2 to 3 s. 

During this time, constant negative pressure is applied, attaching the sample to the cantilever 

aperture. To guarantee a stable cantilever positioning during this process, the ‘Mode’ is set to 

‘Keep Force’. The last section, ‘Away from Tip’, represents the retraction-curve and, thus, plays 

the main role in the cellular detachment performance. To provide enough data points for the 

following analysis, the ‘Sampling Rate’ is increased to 1024 Hz in this case. The separation 

‘Distance’ can be set to its maximum of 100 µm retraction range. Analogous to indentation 

experiments, the ‘Direction’ is defined as ‘Backwards’. The ‘Speed’ as last parameter depends 

again on the experimental interest. Subsequently, the cellular detachment can be started by 

clicking ‘Measure’. In case of an uncoated cantilever, the probe has to be rinsed with ddH2O after 

each measurement. For this purpose, four petri dishes filled with cleaning solution are 

successively placed beneath the measurement head. After each cleaning round, the water has to 

be replaced by fresh one. 

A.5.2.2. Correlated FL-FluidFM® 

In principle, the correlated data acquisition is based on the same procedure as the one of 

conventional cellular detachment. However, the implementation of a PIFOC system entails a few 

special features. At the beginning of the workflow, the automated ‘Set Sample Distance’ has to be 

skipped and manually performed. Therefore, the cantilever is brought back into its home position 

(Appendix A.3.2, Figure 37 ⑦). This is followed by a manual adjustment of the z-stage position 

via the ‘SPM System’, which can be found in the ‘SMP Parameters’ of the Nanosurf C3000 software 

(Appendix A.3.1, Figure 34b). Here, the ‘Absolute Idle Position’ has to be set to +50 µm, inducing 

a z-stage positioning to its upper limit. This is followed by the cantilever approach 

(Appendix A.3.2, Figure 37 ⑥). Subsequently, the z-stage can be retracted again by entering a 

position between +30 and +40 µm into the ‘Absolute Idle Position’ which results in a defined 

sample distance of 20 to 10 µm and a remaining retraction range of 80 to 90 µm. After the 

appropriate positioning, the three following steps of ‘Center Probe’, ‘Select Target Cell’, and 

‘Measure Adhesion’ can be performed as previously described. However, before starting the 

measurement, the 50:50 beam splitter has to be removed from the double camera port which 

directs 100% of the emission signal exclusively to the fluorescence camera (Figure 46a, red arrow). 

Afterwards, the sample illumination has to be switched from brightfield to fluorescence 

illumination. This includes both the manual activation of the corresponding filter, for instance, 

HE 90, which is suitable for several fluorescence channels, and the deactivation of the 
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transmission light illumination by clicking ‘Aus’ at ‘DL-Beleuchtung’ (Figure 46b). Then, the chosen 

fluorescence channel can be activated within the ZEN 2.6 software (Appendix A.2, Figure 33b). 

Depending on the duration of the cellular detachment, the time series is set to 60 to 70 s. It is 

advisable to re-check all prior set fluorescence parameters, such as intensity and exposure time, 

right before the measurement. The detailed handling of this software is explained in 

Appendix A.2. Afterwards, the correlated data acquisition can be started by simultaneously 

clicking ‘Experiment starten’ and ‘Measure’ within the corresponding software. Now the cellular 

detachment can be visually observed only in the ZEN software. The monitoring of the FluidFM® 

parameters, however, is still possible via the C3000 software. 

 

Figure 46: Hardware adjustments for correlated FL-FluidFM®. (a) The double camera port is equipped with 
a 50:50 beam splitter marked with a red arrow. Before correlated data acquisition, this component has to 
be removed from the light pathway. In this way the entire emission signal is exclusively directed to the 
fluorescence camera. (b) Within the microscope panel, the brightfield illumination has to be switched off 
by clicking the ‘Aus’ button at ‘DL-Beleuchtung’, while the fluorescence filter ’90 HE’ has to be activated (red 
arrows). 

A.6. Troubleshooting and hints 

Due to its high complexity, the handling of the correlated FL-FluidFM® system often entails some 

challenges. Nevertheless, to enable a smooth experimental workflow, this chapter provides a few 

tips and tricks which address the most occurring issues. If needed, there is technical support for 

both systems that can be contacted (Appendix A.7). 

 

Storage of already installed cantilevers 

If stored correctly, FluidFM® cantilevers can be used for several weeks to month. After installation, 

they have to be kept in a liquid surrounding. Therefore, 15 mL falcon tubes from the Faust Lab 

Science (TPP centrifuge tube flat, Faust Lab Science, Klettgau, Germany) have to be almost 
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completely filled with ddH2O, supplemented with 1% to 2% penicillin/streptomycin 

(10,000 U mL-1, Life Technologies, USA). Due to the inner tube diameter perfectly matching the 

width of the cyto-clip, they can be directly dipped into the solution without any external support. 

However, it has to be ensured that the cantilever reservoir is kept in air. Afterwards, the tube can 

be closed with its lid and stored in the fridge.  

 

Inappropriate software start 

In case of a failed software start, the easiest way to solve this problem is to do a re-start. However, 

sometimes a complete computer shutdown with following re-start is necessary. Also, a re-start of 

all hardware components might be useful. 

 

Inappropriate laser alignment 

If the laser alignment is not working, there might be different reasons. First, it has to be checked 

if the ‘Laser off’ button within the ‘SPM System’ parameters is checked by mistake 

(Appendix A.3.1, Figure 34b). Another solution to this problem could be the wrong filter setting. 

The laser spot is only visible by activating the filter ‘Pol TL’ in the microscope panel. Also, bubbles 

around the cantilever can disturb the clear laser spot visualization. This can be solved, for instance, 

by lifting and dropping the FluidFM® head a few times. However, an already applied overpressure 

together with an inappropriate connection between the cantilever reservoir and pneumatic 

connector could also induce the development of bubbles. This can usually be fixed by 

re-connecting these components. If none of these options helps, there is also the possibility to do 

a reset of the laser positioning. More precisely, the screws have to be brought back to center by 

first counting the rounds needed to reach the respective end and then bringing them back to the 

middle. Another alternative can be to check the position of the probe-holder on the measurement 

head. Although the magnetic linkage should serve as stabilizer, the position sometimes shows a 

small shift which can be quickly corrected. In case of high humidity, it sometimes happens that 

the small window within the probe-holder fogs up. However, this can only be checked by 

re-building the probe-holder-cyto-clip construct. Moisture can be removed using a lint-free tissue 

or by carefully applying compressed air. 

 

Inappropriate sealing 

Most of the time, an inappropriate cell-cantilever sealing is related to an insufficient negative 

pressure. This can be checked the easiest way by approaching any residues on the surface of a 

petri dish and applying an overpressure of 1000 mbar. If they are not affected by the high 
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pressure, then the connection between cantilever reservoir and pneumatic connector can be 

checked. Moreover, a bubble within the reservoir, blocking the entry to the macrochannel might 

be another explanation for an insufficient negative pressure. If this is the case, one can try to 

remove the bubble with a pipette or to remove the entire liquid and subsequently refill the 

reservoir. To further exclude a lacking tube, the pneumatic connector can be coupled to a syringe 

and completely dipped into a glass filled with water. In case of any leaks, the appearance of 

bubbles will be visible by manually applying an overpressure. Besides the more hardware-

associated reasons, there is also a more software-related issue. Since a good sealing also depends 

on a well-defined contact zone between cantilever and sample, the positioning of the crosshairs 

should be checked. For instance, cells should always be approached at their highest point, the 

nucleus. Moreover, a longer ‘Pause in Contact’ might support a better attachment. Also, the 

‘Setpoint’ might be an influencing factor since it determines how strong a cantilever is pressed 

onto a sample. 

 

Handling of a high-numerical oil objective 

The implementation of a high-numerical oil objective implies a few special features during the 

FluidFM® performance. Due to its direct contact with the sample surface, it only allows a small 

range of focus level adjustment without directly lifting the whole petri dish. Therefore, a cantilever 

in its home position is usually out of focus at the beginning of an experiment. However, instead of 

moving the objective upwards, the cantilever has to be carefully lowered by the ‘Advance’ button 

within the C3000 software until the focus level is reached. To avoid unintentional breakage of the 

cantilever by touching the surface too hard, it has to be ensured that the cantilever is visible within 

the camera viewing window. Another important aspect, which is affected by the application of an 

oil objective, is the procedure of cantilever washing. Usually, this entails the successive switching 

of several petri dishes filled with cleaning solution while the sample dish is stored in the 

meanwhile. However, after separating the oil objective and the sample, oil residues remain on the 

underside of the sample surface. To prevent the smearing of this oil, the sample dish has to be 

deposited so that there is no contact with the device table. 

 

The most common error message 

“Setpoint could not reached. Sample could be too far away. Please approach again.” This error 

message often occurs directly after starting a FluidFM® measurement, when the z-stage moves 

towards the cantilever tip until a given setpoint is reached. A disruption within this workflow can 

have many different reasons. A first option could be to repeat the approach and re-start the ‘Cell 
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Adhesion 100 µm’ workflow as suggested by the error message itself. Another reason might be an 

inappropriate force setpoint. This can be modified via the ‘Modulation’ settings of the ‘Measure 

Adhesion’ step and within the ‘AFM’ section of ‘Settings’. Apart from this, the limited motion range 

of the z-stage could be another explanation for the occurrence of this error message. It might 

happen that when the cantilever is located at the maximum height of the z-stage (+50 µm) that 

the approaching z-stage reaches its upper limit before the given setpoint is reached. This may be 

the case, especially when using the PIFOC system. Here, it is advisable to repeat and adjust the 

manual positioning of cantilever and z-stage in a way that the cantilever is located a bit lower, for 

instance, at +48 µm instead of +50 µm (Appendix A.5.2.2).  

A.7. Technical support 

FluidFM® (Nanosurf/Cytosurge):  

Patrick Lang: lang@nanosurf.com 

Pablo Dörig: pablo.doerig@cytosurge.com 

 

Fluorescence Microscopy (ZEISS):  

Sebastian Peters: sebastian.peters@zeiss.com 

Ronald George: Ronald.george@zeiss.com (Former contact) 

 

mailto:lang@nanosurf.com
mailto:pablo.doerig@cytosurge.com
mailto:sebastian.peters@zeiss.com
mailto:Ronald.george@zeiss.com
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