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Chapter 21

Measuring Cell Adhesion Forces: Theory and Principles

Martin Benoit and Christine Selhuber-Unkel 

Abstract

Cell adhesion is an essential prerequisite for survival, communication, and navigation of cells in organ-
isms. It is maintained by the organized binding of molecules from the cell membrane to the extracellular 
space. This chapter focuses on direct measurements of cellular binding strength at the level of single 
adhesion molecules. Using atomic force microscopy-based force measurements, adhesion strength can be 
monitored as a function of adhesion time and environmental conditions. In this way, cellular adhesion 
strategies like changes in affinity and avidity of adhesion molecules (e.g., integrins) are characterized as 
well as the molecular arrangement of adhesion molecules in the cell membrane (e.g., molecular clusters, 
focal adhesion spots, and linkage to the cytoskeleton or tether). Some prominent values for the data 
evaluation are presented as well as constraints and preparative techniques for successful cell adhesion 
force experiments.

Key words: Cell adhesion, Affinity, Anchoring, Cell membrane, Cytoskeleton, Force measurement, 
Focal adhesion, Living cells, Force sensor modifications, Clustering

Cells are complex microfactories that maintain the basic function 
of all living organisms. In their lifespan, cells produce huge 
amounts of distinct biomolecules that they organize within their 
membrane as well as in the intra- and extracellular space with 
extreme accuracy. A number of specific tasks are performed using 
this machinery, such as transducing signals from the extracellular 
environment and forming responses to these signals.

The cell membrane is central to the interaction of a cell with its 
environment in that it provides a direct interface between the intra- 
and extracellular space. Its lipid bilayer incorporates protecting 
molecules, receptors, ion channels, and adhesion molecules that 
mediate specific cellular interactions. Adhesion molecules may be 

1. Introduction
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distributed stochastically in the membrane, but they can also 
appear in the form of clusters at distinct spots. Typically, such 
clusters are centers for the communication between the intra- and 
extracellular space which generate special tasks, such as sensing 
the mechanical properties of the extracellular environment (1–3). 
An important function of cells is not only to sense forces, but also 
to actively exert forces (4). This ability is essential to processes, 
such as cell division, locomotion, and spreading (5, 6). Cellular 
forces are generated intracellularly by the concerted action of fila-
mentous cytoskeletal elements and molecular motors. In most 
cell types, the cytoskeleton consists of the actin network, micro-
tubule rods, and other filamentous cell-stiffening molecules. 
These cytoskeletal elements are not only critical to their role for 
force generation, but also responsible for the stability of cell 
shape, the visco-elastic properties of a cell, and stress propagation 
within a cell and its tissue (7, 8).

Although electron microscopy, NMR, and X-ray diffraction 
analyses are steadily increasing our knowledge about the structure 
of extra- and intracellular units and biomolecules, the dynamic 
properties of biological processes are still unknown to a large 
extent. Such dynamic processes are ubiquitous. For example, 
biomolecules act as catalysts, signal amplifiers, gene regulators, 
energy suppliers, signal transducers, information stores, or trans-
portation units, just to mention a few.

With laser spectroscopy and molecular dynamics simulation, 
dynamic molecular processes can be visualized at the atomic and 
femtosecond scale (9). Under equilibrium conditions, the dynam-
ics of molecular interactions are typically studied using calorime-
try or surface plasmon resonance techniques and high-resolution 
fluorescence techniques (10). Importantly, many cellular pro-
cesses take place under nonequilibrium conditions, (11) such as 
active intracellular transport processes and enforced binding and 
unbinding events. These processes can be quantified in vitro using 
nanoscopic techniques, such as optical tweezers (OT) (12, 13), 
magnetic tweezers (MT) (14, 15), biomembrane-force probe 
(BFP) (16, 17), or atomic force microscopy (AFM) (18, 19). 
These techniques typically resolve different force ranges: OT and 
MT at 0.1–100  pN, BFP at 1–100  pN, and AFM at 5  pN to 
100 nN. In order to study the interaction properties of molecules, 
single-molecule force spectroscopy is commonly used. In these 
experiments, the interacting molecules typically are isolated from 
cells, purified, and bound to two opposing surfaces that can be 
brought into contact with each other. Unfortunately, some mol-
ecules cannot easily be extracted from cells and immobilized on 
surfaces. In particular, most membrane-anchored molecules are 
not soluble in water and hence are difficult to immobilize without 
destroying their functionality. Immobilizing such transmembrane 
proteins in artificial lipid membranes on a substrate provides 
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a possibility to access membrane protein unbinding events with 
force spectroscopy; however, this procedure is relatively compli-
cated (20).

An alternative approach to studying interactions of trans-
membrane proteins is to carry out the adhesion force experiments 
in  vivo using living cells. This method is often referred to as 
“single-cell force spectroscopy.” By binding a complete cell to an 
AFM cantilever and probing the cellular interactions with the 
extracellular space, transmembrane proteins can be studied in 
their native environment, and many of the complexities encoun-
tered with bilayer-based studies are bypassed. Cellular receptors 
are provided in their native conformation by the cell, and the 
applied force is coupled into the molecules by their “natural 
handles.” This approach opens a broad field to study cellular 
mechanisms and strategies that tune the adhesion strength of a 
cell on the molecular level (21–25).

OT and MT cannot realize such cell-to-cell adhesion measure-
ments, whereas BFP conceptually incorporates red blood cells 
into the force detection. Even though these techniques have bet-
ter resolution in the low force regime, only AFM can study the 
interaction forces between arbitrary cells. AFM also has the advan-
tage of resolving single molecular forces above 5 pN up to multi-
molecular interactions in the range of several nanoNewtons.

In this chapter, we focus on single-cell force spectroscopy 
experiments with AFM, from single-molecule interactions to the 
interaction of intact cell layers. We first introduce the basic concepts 
of molecular adhesion, then describe experimental prerequisites 
and basic experimental methods, and finally present exemplary 
experiments, which demonstrate the power and limits of using 
this technique.

Cell adhesion is mediated by membrane-bound cell adhesion 
molecules (CAMs), for example integrins, cadherins, selectins, 
and proteins from the Ig-superfamily (26). These transmembrane 
proteins interact with their extracellular ligands through struc-
tural affinity according to the lock-and-key principle, where sev-
eral weak bonds align to fit the lock and key together, to yield 
specificity in their interactions. Individual bonds formed during 
protein–protein interactions, i.e., Van der Waals interactions, 
hydrophobic interactions, hydrogen bonds, and electrostatic 
interactions, are several magnitudes weaker than covalent bonds 
and are continually competing with thermal energy. However, 
the relative weakness of specific bonds opens many possibilities 
for cells to easily manipulate the strength of their adhesion.

2. Molecular 
Concepts in Cell 
Adhesion
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A parameter that describes the strength of a protein–protein 
interaction is affinity. Affinity is commonly characterized by the 
dissociation constant KD or the off-rate. In force experiments, 
binding affinity is also represented by the unbinding force and the 
molecular bond potential (17, 27).

Furthermore, the following strategies can be employed by 
cells to modulate their adhesion strength:

Avidity describes the number of binding competent molecules 
that are available in the membrane to be accessed by the binding 
partner. The cell can tune avidity by sterically hiding binding 
partners behind glycosylations or by modifying the expression 
level of an adhesion receptor. In some molecules (e.g., integrins), 
avidity can also be changed by switching the affinity state of the 
receptor.
Anchoring refers to how the adhesion receptor is linked to the 
cell. Receptors that are freely diffusing in the membrane might 
reach the adhesion site faster than receptors that are spatially 
confined by a connection to the cytoskeleton. While a pure lipid 
anchor (e.g., a ceramide anchor) resists only approximately 20 pN, 
a transmembrane anchor (e.g., bitopic (a-helical) transmembrane 
proteins, polytopic a-helical proteins, or a transmembrane b bar-
rel) is more resilient with up to approximately 100 pN resistance 
to failure (28). The strongest group of anchors connects the 
intracellular domain of transmembrane adhesion receptors to 
actin, tubulin, or other filaments of the cytoskeleton with binding 
forces up to the nanoNewton range.

The anchorage of an adhesion molecule defines the mechani-
cal micro-environment of the adhesion molecule in that it 
controls the lateral motility in the membrane and the loading rate 
of the applied force to the adhesion site (29). By changing the 
molecular anchoring, the cell has a wide variety of possibilities to 
modulate its adhesion state. For example, an adhesion molecule 
anchored in an actin-rich protrusion (microvillus) exposed on its 
tip has a higher probability to probe an object near the cell than 
the one situated within the retracted membrane regions. Also, the 
binding force of a nonanchored membrane protein is limited to 
the strength of the membrane anchor, even though the affinity of 
the binding site might be much stronger. When this type of bond 
is exposed to external forces, the membrane protein is either 
ripped out of the membrane or forms a membrane tether 
(see Fig. 1) depending on the membrane properties. A cell can 
tune the level of the tether force plateau by the lipid composition 
and thereby trigger adhesion and de-adhesion processes.
Clustering is a strategic combination of avidity, affinity, and 
anchoring that increases the affinity of an adhesion spot with a 
strong anchor to the cytoskeleton by forming multimers of bind-
ing competent adhesion molecules. Integrin-mediated focal adhe-
sions, the immunological synapse, desmosomes, gap junctions, 
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and tight junctions are a few examples of these cell adhesive 
complexes. In general, adhesion clusters provide a more stable 
connection than randomly distributed bonds because clusters 
contain an internal “self-healing mechanism,” where it is possible 
to rebind broken bonds: bonds which dissociate are not pulled 
apart because the neighboring molecules in the cluster maintain a 
close proximity of the interacting surfaces and hence the binding 
partners (30, 31). With this mechanism, a cluster can withstand 
forces in the range of several nanoNewtons, i.e., a thousand times 
more than the strength of a single biomolecular bond.

All of the cells use mechanisms to control adhesion strength men-
tioned in the previous section can be studied with single-cell force 
spectroscopy. Successful AFM experiments on living cells require 
control of a few parameters. An AFM that is employed for live cell 
experiments is ideally set up in conjunction with a light micro-
scope so that the success of cell detachment can be verified opti-
cally and the viability of the studied cells can be monitored. In 
single-cell force spectroscopy experiments, a cell is bound to a 
cantilever and approached to a surface (see Fig. 3a). Hence, tipless 
cantilevers should be used in order to prevent harming the cell 
when it binds to the cantilever. The stiffness of the cantilevers 
should be chosen according to the studied processes. For example, 
the cantilevers should be as soft as possible when studying single-
molecule interactions on fragile cells.

Furthermore, a highly important parameter for live cell exper-
iments is the sample temperature. Most mammalian cells are opti-
mized to metabolize at 37°C, and the viscosity of the cellular 
membrane depends strongly on temperature. Particularly, drastic 

3. Principles  
of AFM 
Experiments with 
Living Cells

3.1. Experimental 
Prerequisites of 
Single-Cell Force 
Spectroscopy
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Fig. 1. A tether is a lipid membrane tube that forms due to applied force. The measured tether force consists of the 
membrane tension via the tube perimeter under static conditions, and pulling at constant velocity generates a viscous 
and frictional drag force due to rearrangements of membrane molecules at the foot of the tether.
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changes in the viscosity of the cell membrane take place at the 
transition temperature from liquid to solid phase of the particular 
lipid bilayer (32). So, it is essential to carry out the AFM experi-
ments at constant temperature under physiological conditions. 
However, a disadvantage of carrying out an AFM experiment at a 
temperature other than room temperature is that drift effects are 
enhanced due to use of a temperature-sensitive force sensor. One 
solution to this conundrum is to install the whole microscope and 
AFM head into a heated box and start the experiments when the 
sample, the cantilever, and the sensor are thermally stabilized.

Suitable functionalization of the cantilever for cell immobili-
zation is also an essential prerequisite for all single-cell force spec-
troscopy experiments. As the composition of the outer cell 
membrane can differ greatly from one cell type to the other, coat-
ings normally have to be adapted to each experiment. Several 
approaches to immobilize cells at the cantilever can be used. A very 
simple method is to coat the cantilever with lectins (e.g., conca-
navalin A, wheat germ agglutinin) that bind the glycocalyx of 
cells (18, 33, 34). A disadvantage of this method is that rupture 
events between the glycocalyx and the lectin may be mistaken for 
the actual receptor–ligand ruptures. To circumvent this uncer-
tainty, it is useful to only consider the very last de-adhesion event 
as a valid measure of the bond of interest. Of course, this analysis 
requires that the cell is still connected to the cantilever after 
detachment from the surface. Another solution would be to cova-
lently couple cells to the cantilever, e.g., using glutaraldehyde (35).

In most experimental situations, the interaction between cells 
and artificial ligand-decorated substrates is studied. In order to 
avoid nonspecific interaction with the substrate, the surface should 
be passivated. Furthermore, the ligand should ideally be connected 
via a soft polymeric spacer so that it can freely rotate in space to 
explore its surroundings and prevent steric hindrance of binding. 
As the adhesion ligands on a substrate are exposed to forces, they 
should also be covalently coupled to this surface. One possible 
method to covalently immobilize proteins on a glass surface, which 
is the typical surface used in biological experiments, is to first add 
a layer of functional silanes (e.g., aminosilane) to the surface and 
then bind the proteins via bifunctional spacing molecules (e.g., 
glutaraldehyde or carboxy-PEG) (36–39). This technique also can 
be used with silicon or silicon nitride surfaces (cantilever tips are 
commonly made of these materials), and can be applied on gold 
surfaces by using thiol-functionalized molecules, e.g., alkanethi-
ols, instead of silanes (40). In addition, spacer molecules are typi-
cally inserted into the system to avoid nonspecific interactions of 
the cell with the surface. Many cell types unspecifically bind to 
most surfaces. In order to avoid the nonspecific binding of the 
cells, it is important to passivate the substrate. Bovine serum 
albumin (BSA) is commonly used to inhibit cell and protein 
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adsorption to surfaces at short timescales. However, BSA often 
fails to block a surface (41). In such cases, more sophisticated pas-
sivation techniques are necessary. In the case of using carboxy-
PEG functionalization, one can inactivate the remaining ligand-free 
carboxyl-groups by ethanolamine leaving behind neutral polyeth-
ylene glycol (PEG) groups which prevent protein adsorption due 
to hydrogen bonding interactions with water. Along the same 
lines, covalent or electrostatic binding of PEG polymers to the 
surface can also be used (42, 43). A particularly elegant example is 
to use poly-l-lysine (PLL)-g-PEG for passivation. This polymer 
binds with its PLL backbone to negatively charged surfaces, 
thereby exposing PEG polymers to block nonspecific interactions 
with the surface. By changing the grafting ratio and length of the 
PLL and the PEG polymers, respectively, the conformation of the 
polymer on the surface is precisely controlled (43).

Force traces in a cell adhesion experiment are typically highly 
complex (see Fig. 2). From the force traces, the following param-
eters can be extracted (34):

The initial slope is the initial increase in adhesive force which is 
approximately linear. After subtracting the spring constant of the 
cantilever, this parameter basically represents the elastic elements 
of the cell (see Fig. 5, left arrowhead).

The maximum adhesion force indicates the highest force 
reached in the force plot. This is a rough, first approximation of 
the adhesion strength.

The slope prior to a de-adhesion event gives information on the 
mechanical properties of the cellular “spacer” (the mechanical 

3.2. General Features 
of Cell Adhesion Force 
Data

Fig. 2. This representative force–extension curve shows the detachment of a fibroblast 
(52) cell after 5 s of contact with fibronectin. The curve displays the following information: 
(1) the elastic response of the cell while pressing it to the surface, (2) single-molecule 
detachment events, (3) the last adhesion event following tether formation, and (4) maximum 
adhesion force. The gray area also represents the work of de-adhesion.
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environment anchoring the bond(s) that open at the subsequent 
de-adhesion event). A slope close to zero indicates that a tether 
(viscous spacer mostly consisting of cell membrane as described 
below) has formed, whereas a steep slope results from a stiffer 
elastic spacer. The slope prior to the last de-adhesion event also 
defines the loading rate applied to the finally ruptured bond, 
r = dF/dt. The loading rate is a highly important parameter for 
adhesion force measurements because the strength of a biological 
bond increases logarithmically with increasing loading rate (44). 
In the force spectroscopy analysis, the bond rupture forces are 
plotted as a function of loading rate in order to assess the energy 
landscape of the adhesive interaction.

The distance of a de-adhesion event from the original cell 
surface is a measure for the lifetime t of a bond, as t = distance/
pulling velocity. Determining the distribution of lifetimes 
provides a means to investigate the kinetics of biological bonds.

The force step size of a de-adhesion event can be used as a low-
end estimate of the actual unbinding force. While only the very 
last de-adhesion event is an exact measure of the unbinding force, 
the de-adhesion events occurring before the last event might be 
larger, but appear smaller due to force carrying connections still 
existing (see Fig.  3). These connections could be mediated by 
nonindependent cellular components bound between surface and 
cantilever.

The area under the force trace has the dimension of energy. 
It reflects the work of de-adhesion, which is the energy dissipated 
by the separation of the cell from the surface rather than a summed 
“adhesion energy” contributed by individual molecular bonds.

The adhesion probability cannot be determined by a single 
force measurement, but requires a set of at least 50 force curves 
in order to quantify the fraction of force curves with adhesion 
events.

The bond formation probability is determined by the number 
of recognized adhesion events either per force curve or, in anal-
ogy to the adhesion probability, per all detectable single bonds of 
all force curves (including curves without adhesion) of the whole 
set of measurements.

Tethers (lipid membrane tubes) are a feature often identified 
in force–extension curves. When a cell tries to adhere, for exam-
ple a leukocyte in the blood stream, it initially utilizes membrane-
anchored weak adhesion molecules. These molecules would 
detach from the membrane if the adhesion force exceeded the 
anchorage force of these adhesion molecules. To avoid this phe-
nomenon, cells employ tethers (45), which act similarly to gently 
releasing fishing line at constant force. In this way, both the force 
at the binding site and at the anchorage site in the cell membrane is 
held constant, since cells have a large reservoir of membrane that 
can be considered unlimited in this case.
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Fig. 3. (a) This schematic presents the basic setup of the experiment and the homophilic interaction of two csA molecules. 
(b) The force–distance curve for the interaction of Dictyostelium with a Petri dish after a contact of 20 s shows strong 
interaction and large tethers with heights of about 100 pN. The zoomed inset shows intermediate de-adhesions that 
instantly are caught by the same tether. These de-adhesion events show the danger of taking de-adhesion events other 
than the last event into account, which for sure is not shortened by backup tethers. (c) Superposition of several de-adhesion 
force traces. They are sorted to show the range of no adhesion (lowest trace) to high adhesion forces. The upper trace in 
gray was collected from nonspecific adhesion to a Petri dish and displays a typical trace of a single membrane tether. The 
traces below were collected from csA binding measurements. The lowest traces show no tether formation because this 
process requires more force than one csA bond can hold (csA de-adhesion is the small shark fin pattern with 23 ± 7 pN). 
Higher traces form tethers with at least two bonds in parallel (50 ± 10 pN). The zoomed inset resolves such a twofold bond. 
Interestingly, the tethers formed on a Petri dish are about 100 pN and have a large variety in plateau force and slope.
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A membrane tether (see Fig. 1) forms as a lipid bilayer tube, 
typically 10–200  nm in diameter, which must counterbalance 
membrane tension and membrane curvature energies (46–49). 
The diameter also depends on the composition of lipids and 
proteins in the membrane, the sample temperature (membrane 
stiffness), and the amount of molecules (e.g., actin filaments) that 
are pulled within the tube which also enlarge the tube diameter 
(50). Interestingly, neurons tend to pull extraordinary tethers up 
to millimeters in length before detaching (51). Typical forces 
needed to form a tether range from 10 to 100 pN. Tether failure 
takes place above 200 pN, depending on the maximum capable 
membrane tension and the membrane stiffness.

In a force experiment where the cantilever is retracted with 
constant velocity, a membrane tether can be identified as a nearly 
constant force plateau in the force trace prior to a detachment 
event (see Fig. 2, 3, and 5). In this situation, the loading rate of 
the bond is close to zero and the tether acts as force clamp. When 
a tether is pulled at constant velocity, a steady flow of lipids into 
the growing tether is recruited from the cell membrane. This 
constant force is proportional to the pulling velocity and is deter-
mined by friction and viscosity at the origin of the tether on the 
cell membrane. This growth force exists in addition to the con-
stant force generated by the membrane tension. The maximum 
membrane tension and bending rigidity of the tether largely 
depend on the lipid composition and temperature (32, 52, 53). 
Tethers pulled from cells can vary in diameter and visco-elastic 
behavior. If actin bundles or membrane proteins are pulled within 
the tether or if the membrane tension is low, the tether radius can 
increase to a few hundred nanometers.

Cells are the smallest units of life. As individuals (single-cell 
organisms such as amoebae or slime molds), they have adapted 
very well to the environment during evolution, and in multicel-
lular organisms, they have to adequately react to several environ-
mental changes in order to survive. Hence, a division of labor has 
been devised, where cells become specialists for certain tasks 
(e.g., immune cells, neurons, and endothelial cells) in order to 
provide a better means of adapting to environmental changes or 
even change the environment. Intercellular communication, dif-
ferentiation, migration, and many other functions have to be 
maintained in such a multicellular organism. Therefore, some 
cellular reactions are universal while some reactions are present 
only in heart muscle cells, inner ear cells, red blood cells, and so 
on. Thus, there is no universal protocol for cell adhesion 

4. Force 
Spectroscopy 
Experiments  
on Living Cells
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experiments. In the worst case, a new protocol has to be 
established for each cell type. Nevertheless, a few basic prin-
ciples and examples for cell adhesion measurements with AFM 
are described in the following sections.

The social amoeba Dictyostelium discoideum is a highly interesting 
organism biologically (54, 55). D. discoideum is fascinatingly 
diverse in appearance: if food runs short, the cell switches active 
genes in the nucleus and changes from a unicellular to a multicel-
lular organism – a slug. During this process, Dictyostelium cells 
meet by a hot spot of a chemokine signal (cAMP) that is sent out 
from every cell undergoing the change. These switched cells then 
start to produce a Ca2+-independent lipid-anchored glycoprotein 
in the extracellular membrane called contact site A (csA). During 
the development of the multicellular Dictyostelium slug, csA plays 
an essential role as the homophilic binding between two csA 
molecules supports cell aggregation. In order to study this 
homophilic interaction between two individual csA molecules 
from different cells, cell–cell adhesion force measurements can 
be carried out. For studying such single-molecule interactions, 
the number of other interacting molecules should be as small as 
possible. One can reduce non-csA binding by removing Ca2+ from 
the environment for a few hours prior to the experiment because 
many adhesion proteins lose their binding function without 
divalent cations although csA remains active (56). After this treat-
ment, the adhesion probability is typically below 3% (nonspecific 
interaction) for nonswitched wild-type cells after 0.1 s of cell–cell 
contact at 100 pN contact force. On the other hand, for csA-
expressing Dictyostelium cells, the adhesion probability is typically 
35% after 0.1 s cell–cell contact at 30 pN contact force. Typical 
force curves for the separation of interacting Dictyostelium cells 
show a variety of force signals that are received from the same 
molecular interaction (see Fig. 3).

This variety could be due to the visco-elastic deformation and 
the plastic activity of the interacting cells causing a significant dis-
sipation of energy. In order to receive the true information about 
csA–csA binding events, only de-adhesion events from the very 
last intercellular contact are taken into account in the analysis of 
adhesion forces (see Fig. 4b, arrowheads).

For the interaction between two individual csA molecules, 
the adhesion force measurements shown here revealed that the 
most probable de-adhesion force was 23 pN. The forces varied 
between 19 pN at loading rates of 20 pN/s and 28 pN at 8 nN/s. 
After prolonged contacts of 1 and 2 s between two Dictyostelium 
cells, the force histograms showed pronounced force peaks at 
multiples of 23 pN.

A critical issue when analyzing the measured forces is inter-
preting where the bond rupture occurs. The csA molecule is 

4.1. Single Cell-to-Cell 
Measurements
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known to be only weakly anchored to the cell with a ceramide 
anchor in the external lipid layer of the membrane. In order to 
test whether the bond between two csA molecules breaks or if the 
anchor itself is extracted from the lipid bilayer in an AFM experi-
ment, a genetically modified mutant of Dictyostelium expressing 
csA with transmembrane anchor was employed. In these experi-
ments, no significant change in the adhesion pattern was observed. 
Therefore, the anchor is believed to be at least as strong as the 
molecular interaction, and thus csA is extracted from the mem-
brane in less than 50% of the adhesion events (33).

Tether formation is not often observed for csA-mediated 
Dictyostelium-to-Dictyostelium adhesion. However, when Dictyo
stelium cells adhere to Petri dishes, tethers dominate the force curves. 
The pseudopodia-rich surface structure is thought to support tether 
formation (57). In this case, tethers can also reach lengths of several 
tens of micrometers and more (see Fig. 3b).
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Fig. 4. (a) Dictyostelium discoideum in the amoebous state do not express csA molecules, and the remaining intercellular 
interaction is effectively blocked by the added EDTA. (b) Starved Dictyostelium cells express csA, and the adhesion signal of 
individual interacting csA molecules is measured by the AFM. Arrows on the force traces indicate the last de-adhesion event 
counted in the histograms. The most probable de-adhesion force is extracted from the histograms (from 20 pN at short 
contacts to 23 pN for longer contacts). The percentage of force curves where no adhesion occurs is indicated by the trun-
cated bar to the left side of the histograms. Contact time and contact forces are indicated above the histograms.
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Targeting therapeutic delivery to selected cells within an organism 
is a desired goal of pharmacology. In particular, designing vehicles 
loaded with a drug which targets only specific pathogenic cells is 
a strong aim in medical research. For the design of such vehicles, 
the molecular composition of the external surface of the vehicle 
should be specific for binding to a certain type of target cell. 
Medically relevant particles are often spherical and consist of 
polymers that are functionalized on the surface. In adhesion force 
experiments, a small vehicle can be mimicked by a sphere of 5 mm 
radius, for example, that is immobilized to an AFM cantilever. In 
order to quantify the interaction with different cell types and to 
find particle coatings specific for the binding to particular cell 
types, the initial binding force between the functionalized vehicle 
and a cell can be quantified. In the experiments described here, 
the adhesion of cells to two different types of surfaces, positively 
(NH2) and negatively (COOH) charged spheres, has been inves-
tigated. Two types of breast cancer cell lines were measured in 
this study, the noninvasive strain MCF-10A and the invasive strain 
MDA-MB-4355 (58). The analysis of the force traces with respect 
to adhesion probability and adhesion forces on the single molecu-
lar level (while maintained at 37°C in nutrient medium) showed 
a higher adhesion probability for the positively charged spheres. 
This result is likely due to the presentation of a negative net charge 
by these cells due to expression of carbohydrate groups in the 
glycocalyx, leading to stronger binding on positively charged 
spheres.

The most probable “molecular” adhesion force is increased 
from 20 pN for negatively charged spheres to 25 pN for the posi-
tively charged spheres after contacts of 1 ms at 50 pN. Furthermore, 
an increase in adhesion probability from 20% for negatively 
charged spheres to almost 80% for positively charged spheres was 
observed for the MCF-10A cell line compared to an only moder-
ate increase from 30% to almost 50% for the MDA-MB-4355 cell 
line. Hence, the MCF-10A cells appear much more negatively 
charged than the MDA-MB-4355 cells.

The examples of cell adhesion force measurements presented so 
far sought to measure initial adhesion or fast molecular processes 
on the level of single molecules. These measurements are both 
important to our understanding of adhesion processes and they 
are feasible. In contrast, long-term adhesion processes are diffi-
cult to measure in a force experiment. For example, cells that 
initially seem to like a surface might decide to push it away after 
having explored it for an hour. But how will the adhesion forces 
involved in binding to artificial bones and implants develop? In 
this case, it is essential that long-term adhesion is stable and via-
ble. With a bone cell layer on a cantilever, potential implant sur-
faces can be probed to find out the best surface for durable 

4.2. Spheres on Cells

4.3. Cell Layer  
to Surface 
Measurements
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acceptance of implants by the adhering cells (59). The cell-to-
surface contacts can be prolonged to several minutes, maybe up 
to an hour, but then drift becomes a limiting factor and force 
spectroscopy is not applicable anymore.

In force experiments with cell layers, the number of cells 
interacting with the surface is unknown and many adhesion mol-
ecules contribute to the force trace in parallel. A typical force 
graph of a fibronectin-coated sphere mounted to the cantilever 
after a contact of 20 min at 5 nN on a layer of confluent cells is 
shown in Fig. 5.

After the contact, an almost Hookean stretching of the cell 
layer (left arrow) takes place until, by an increasing number of 
dissociating bonds and the progression of membrane and cytoskel-
eton disentanglement, the maximum force is reached. The mea-
sured maximum adhesion forces are up to three orders of 
magnitudes higher than in a single molecule experiment. The 
large maximum adhesion force of 20 nN is the sum of several 
hundred or thousands of single molecules, each contributing with 
its weak individual adhesion force. Some of these contributing 
molecules are still resolved as individual de-adhesion events when 
zooming into the tethering region in the force traces’ descending 
shoulder. An adhesive interaction length of several tens of micro-
meters and forces larger than 3  nN, as observed here, is not 
observed in single-molecule force measurements.
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Fig. 5. Schematic series of a fibronectin-coated sphere microfabricated to the cantilever pulled back from a cell layer of 
epithelial cells (RL cells also described in Fig. 8) after a contact of 20 min (clock symbol ) at 5 nN. The corresponding 
force–distance trace shows a Hookean region (left arrow ), the maximum adhesion force, and a descending shoulder 
consisting of many small force steps (zoomed inset shows the tether region) from individual molecular interactions.
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The formation of molecular clusters is a ubiquitous mechanism 
that leads to strong mechanical interactions in cellular systems. 
Particularly relevant to the adhesion between cells and the extra-
cellular matrix are focal adhesion clusters, often called “focal 
contacts.” Focal contacts are formed in cells subsequent to the 
activation and clustering of integrin transmembrane adhesion 
receptors (60). Integrin activation can be induced by binding to 
extracellular matrix proteins, such as fibronectin, and in response 
to integrin activation, further integrin molecules are recruited to 
the binding site and cluster. After this initial clustering process, a 
hierarchically organized plaque of intracellular proteins accumu-
lates intracellularly at the integrin cluster. This plaque is also 
responsible for connecting the integrin cluster with the cellular 
cytoskeleton. Proteins in the plaque, such as talin, vinculin, and 
a-actinin, are very important to these structures because these 
proteins are supposed to be the first proteins that bind to the 
early integrin cluster (61, 62).

Focal contacts have many biological functions. For example, 
they are responsible for a large number of signal transduction 
events, and they serve as cellular mechanosensors by “feeling” 
external forces and actively probing the mechanical properties of 
the cellular environment (3, 63). Due to the complex organiza-
tion and function of focal contacts, it can be expected that their 
formation and function rely on a well-defined, hierarchical orga-
nization of the proteins in the cluster which is already critical dur-
ing the initial binding and clustering processes. Hence, it is highly 
interesting to investigate the requirements necessary for the for-
mation of the initial stages of focal contacts.

Using nanolithographical techniques, it is possible to impose 
nanometer-sized binding sites for integrins on surfaces. A very 
elegant method is diblock-copolymer micelle nanolithography. 
With this method, nanometer-sized gold dots can be arranged in 
hexagonal patterns on standard glass coverslips, where the spac-
ing between the individual gold dots can be defined between 
approximately 20 and 400 nm with nanometer precision (64–66). 
After deposition, the gold dots can be functionalized with thiol-
terminated adhesion ligands, e.g., RGD peptides so that they 
finally serve as nanometer-sized ligand patches for the binding of 
avb3 integrin adhesion receptors (see Fig. 6) (67).

Using these nanostructured surfaces, it has been shown that 
the extent of integrin-mediated cell spreading and the formation of 
focal contacts are critically defined by the spacing between RGD 
ligand patches. In particular, above a ligand patch spacing of approx. 
70 nm, cell spreading, proliferation, and focal contact formation 
are strongly inhibited (71). These results indicate that the molecular 
binding affinity between the avb3 integrin and the RGD is not 
sufficient for inducing focal contact formation, but their intermo-
lecular spatial arrangement must also fulfill certain requirements.

4.4. Cell Adhesion 
Clusters
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In order to study the role of the intermolecular arrangement 
of integrins and the timescale of the onset of integrin cluster for-
mation, we characterized cell detachment forces as a function of 
cell adhesion time using an AFM. In the experiments, a fibroblast 
cell (52) was coupled to a cantilever with concanavalin A and 
brought into contact with a nanostructured surface for a defined 
time span between a few seconds to several minutes.

From the experiments, it is immediately clear that nanostruc-
tures providing integrin-binding site spacings larger than 60 nm 
lead to very different detachment forces compared to spacings 
smaller than 60 nm (see Fig. 7). For 35- and 55-nm integrin-
binding site spacing, the detachment forces increase to more than 
1 nN within 40 s. For larger spacings, detachment forces do not 
exceed 500  pN and stay almost constant with adhesion time. 
This result suggests that cell adhesion is reinforced for spacings 
smaller than 60 nm, whereas adhesion cannot normally develop 
for spacings larger than 60 nm (72).

We believe that the observed reinforcement of adhesion 
results from a cooperative clustering of integrin receptors that can 
only take place for spacings smaller 60 nm. In a focal contact, the 
cooperative clustering of integrins is supported by secondary pro-
teins that serve as cross-linkers between the individual integrin 
molecules. However, if the integrin molecules are located too far 
apart from each other, such an interconnection might fail to form. 
Prominent candidates for intracellularly cross-linking integrins 
are talin (length approx. 60  nm) and a-actinin (heterodimer 
length approx. 24 nm). However, biological proof of the involve-
ment of these proteins in the reinforcement of adhesion on RGD 
nanostructures has not yet been demonstrated.

Fig. 6. Left : Scanning electron microscope image shows the hexagonal pattern of gold nanodots on a glass surface 
generated using the block copolymer technique. Right : This schematic shows the most likely bio-functionalization pat-
tern of the nanostructured surface used in studies of integrin-mediated adhesion. The polyethylene glycol (PEG) coating 
prevents nonspecific protein adsorption and cell adhesion to the glass surface, ensuring that the cellular integrins only 
bind to the gold dots.
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Experiments between two cell layers present a highly natural 
cellular environment; however, this situation is extremely com-
plex to analyze. In this layered configuration, cells can polarize, 
form intercellular connection centers, such as adhesion clusters, 
and carry out typical habits of epithelial cells. However, in these 
experiments, neither the surface geometry of the two layers is 
defined nor can parameters, such as the indentation force and the 
elasticity of the interacting cells, be calculated. When the two cell 
layers are brought into contact, they might start to communicate 
and also establish complex adhesion patterns since thousands of 
adhesion molecules are contributing to the measured de-adhesion 
forces (68).

A biological situation where the adhesion between cell layers 
becomes relevant is the adhesion between trophoblast cells cover-
ing the few embryonic cells after fertilization and the uterine epi-
thelial cell layer. In nature, these cells establish the homing of the 
embryo. For studying this interaction in AFM experiments, the 
JAR-cell line was used to form the spherical trophoblast cell layer. 
On a 60-mm sphere, the natural configuration of the trophoblast 
structure is resembled best in size, shape, and cellular arrange-
ment of the apical region. Receptive uterine epithelial cells 
(RL95-2 cell line) or nonreceptive uterine epithelial cells (HEC-
1-A cell line) were cultured in Petri dishes and resemble either 
uterine epithelial layer. Both cell layers where held in contact with 

4.5. Cell Layers on Cell 
Layers

Fig. 7. These results of force versus inter-integrin binding site distance were taken from single-cell force microscopy 
measurements of fibroblasts on nanostructured surfaces. At 35 and 55 nm integrin binding site spacings, the cell detach-
ment force increases to approximately 1 nN within 40 s of contact. Above 60 nm inter–integrin spacing, the detachment 
forces increase only slightly with time, and there is no significant difference observed between the forces at 70 and 
103 nm. Error bars refer to the standard error of the mean.
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the trophoblast sphere for several minutes at 5  nN before the 
cantilever was retracted (see Fig. 8).

An important question for fertilization and pregnancy is how 
long it would take to firmly arrest the trophoblast layer on either 
cell layer? When comparing the maximum adhesion forces for 
trophoblast spheres to HEC or RL cell layers at adhesion times 
between 1 and 10 min, a stronger adhesion to the HEC cells is 
observed. Furthermore within 10 min, the adhesion energy dis-
sipation is enhanced for contacts between RL and JAR cell layers. 
After 20 min, the RL cells firmly connect their adhesion mole-
cules into clusters so that they are strongly connected with the 
cytoskeleton of the JAR cell layer (69). Importantly, the maxi-
mum adhesion force was not able to report this phenomenon, 
indicating that it is indeed essential to compare different analysis 
methods in such experiments. Analyzing the force value of the 
dominating de-adhesion rupture event revealed a force of 15 nN, 
which suggests this rupture is due to the failure of molecular clus-
ters. From the force measurements of single integrins (a4b1), a 
typical detachment force appears to be between 20 and 60 pN at 
loading rates of 10–100 pN/s. Hence, approximately 100–1,000 
molecular bonds contribute in the measured clusters. All of these 
molecules must be connected to the cytoskeleton, or the cluster 
would separate from the cell and form a tether that breaks at a 
force of about 300 pN (41).
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Fig. 8. (a) Representative force traces from nonreceptive HEC cells show increasing maximum adhesion forces with a 
contact time of 1–40 min after cell layer contact at 5 nN. The individual bonds open sequentially. (b) Representative force 
traces from receptive RL cells show a similar increase in the maximum adhesion force; however, the work of de-adhesion 
is drastically increased after 20 min of contact and is marked by strong de-adhesion events after mechanical cell stretch-
ing over tens of micrometers.
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When checking the viability of the cells after such a strong 
de-adhesion event, at least one of the cell layers appeared to be 
severely damaged (cells of either layer were found loosened or 
even sticking to the opposite layer) so that the experiment cannot 
be carried out repeatedly as in single-molecule experiments. 
Although these experiments, therefore, require more preliminary 
setup time and equipment than single-molecule experiments, the 
technique provides useful information and quantification for cel-
lular communication between cell layers that would otherwise 
not be obtained.

In this chapter, we have described the experimental principles of 
single-cell force spectroscopy and how it can be applied for 
answering biophysical questions from the level of single molecules 
to molecular clusters and even multicellular interactions. Although 
the described experiments may look straightforward at first glance, 
it is important to remember that each cell might react differently 
due to the cell cycle, last feeding period, temperature changes 
during preparation, or the exerted force. Furthermore, a cell as a 
“spacer” for the molecular bond to be investigated contains sev-
eral billions of molecules. This complex interplay among all of 
these factors renders the mechanical characteristics of the cell, 
since it is the linker between the adhesion molecules and the sub-
strate or the force sensor. Hence, such cell experiments are always 
associated with experimental and statistical errors, and a large 
number of experiments must be carried out in order to receive 
appropriately representative information.

As cells might change their adhesion when reacting to their 
environment, a cell adhesion experiment can even serve as a 
reporter for the function of pharmaceuticals (drugs, hormones, 
and chemokines) that trigger an intracellular reaction which has 
an impact on adhesion (21). Force spectroscopy can not only 
characterize antibodies with respect to their interaction force 
with their specific ligand, but might also identify diseases caused 
by malfunction of cellular adhesion and optimize related 
medication.

AFM can also be applied for experiments in electrophysiol-
ogy. Planar patch-clamp technology turned out to be not only a 
perfect platform for AFM measurements on non-adherent cells, 
but also an extension toward simultaneous electrophysiological 
measurements. This application is extremely attractive for phar-
macological research. Here, for example, the mechanical signal 
from the cell can be correlated in time with activity of mem-
brane pores (70).

5. Perspectives
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In conclusion, AFM experiments on cells are becoming more 
and more interesting for medical scientists and pharmacists, and 
many new aspects of cell adhesion might be discovered during the 
next years.
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